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PREFACE 


MMM  '93,  the  38th  Annual  Conference  on  Magnetism  and  Magnetic  Materials,  was  held 
in  Minneapolis  at  the  Hyatt  Regency  Hotel,  November  15—18,'  1993.  Despite  a  slowdown  in  the 
economy  and  competition  from  other  meetings,  there  was  a  total  of  386  full  registrants  and  202 
student/retiree  registrants.  1018  abstracts  were  submitted  to  the  Program  Committee.  The  final 
program  was  made  up  of  838  papers,  of  which  33  were  invited  papers,  10  contributed  papers 
that  had  been  promoted  to  invited  paper  status,  478  poster  papers,  and  332  contributed  oral 
presentations.  The  Conference  Proceedings  is  subdivided  into  39  sections  and  contains  30 
invited  papers,  479  contributed  papers,  and  133  abstracts. 

The  meeting  began  with  a  well-attended  Sunday  evening  tutorial  where  informal  talks  were 
given  on  theory  of  magnetism,  magnetic  measurements,  magnetic  force  microscopy  and  other 
imaging  techniques,  and  materials  science:  deposition  and  characterization.  In  the  four-day 
program,  there  were  symposia  on  magnetic  circular  dichroism,  novel  time-resolved  probes  of 
dynamical  magnetism,  and  perpendicular  transport  in  layered  structures,  along  with  evening 
symposia  on  environmental  magnetism  and  national  user  facilities.  Although  there  were  re¬ 
ports  from  virtually  all  areas  of  magnetics  research,  studies  relating  to  the  magnetic  properties 
of  surfaces  and  artificially  structured  magnetic  materials  were  especially  prominent  in  the 
program.  Also  noteworthy  were  the  large  numbers  of  graduate  and  post-doctoral  students  in 
attendance,  which  will  help  ensure  the  vitality  of  the  field  for  years  to  come.  Another  welcome 
trend  is  the  growing  international  character  of  the  meeting  as  reflected  in  the  fact  that  60%  of 
the  abstracts  accepted  for  presentation  came  from  outside  the  United  States. 

A  meeting  the  size  of  MMM  requires  the  dedicated  efforts  of  a  large  number  of  people.  I 
wculd  especially  like  to  thank  the  members  of  the  Steering  Committee,  the  Local  Committee, 
the  Program  Committee,  and  the  Conference  Editors  as  well  as  staff  from  the  American 
Institute  of  Physics  and  Courtesy  Associates  for  their  help  in  organizing  and  running  the 
meeting.  In  addition  to  the  corporate  sponsors,  who  are  listed  on  the  third  page  of  the  Pro¬ 
ceedings,  the  Conference  received  financial  support  for  invited  speakers  from  the  Office  of 
Naval  Research. 


David  L.  Huber 
General  Chairman 
MMM  ’93 
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M.  R.  Scheinfein 
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Frequency  and  Mondnaaf  Phanomana 
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5607 

Origin  of  trie  fine  structure  of  subsidiary  absorption  in  tangentially 
magnetized  Y1G  films 

A.  V.  Pomyalov,  1.  Laudcht 

i 

5610 

Instability  mechanism  of  collective  spin  wave  oscillations  in  finite-size 

ferrite  samples 

A  N.  Stavin,  G.  Srirwasan,  S.  S. 
Cordone,  V.  B.  Cherepanov 

,  ’ 

i 

5613 

Controlling  spin-wave  chaos 

S.  M.  Rezende,  F  M.  de  Aguiar,  A. 
Azevedo 

| 

5616 

Spin-wave  chaotic  transients 

F.  M.  de  Aguiar,  S.  M.  Rezende, 

F.  C.  S.  da  Silva 

1 

5619 

Magnetoelastic  interaction  in  yttrium  iron  garnet  films  with  magnetic 
inhomogeneities  through  the  film  thickness 

Yu.  V.  Gulyaev,  A.  G  Temtryazev, 

M.  P.  Tikhomirova,  P.  E  ZH'berman 

5622 

Nonlinear  statics  and  dynamics  of  highly  anisotropic  magnets 

V.  S.  Ostrovskii 

5625 

Applications  of  ferrites  and  ferromagnets  in  tuning  rf  cavities  for  accelerators 

S.  M.  Hanna 

1 

1 

5628 

Forward  volume  wave  microwave  envelope  solitons  in  yttrium  iron  garnet 
thin  films:  Peak  profiles  and  multisoliton  signatures  (abstract) 

M.  A.  Tsankov,  M.  Chen,  C.  E. 
Patton 

1 

5629 

Microwave  magnetic  envelope  solitons:  Threshold  powers  and  soliton 
numbers  (abstract) 

J.  M.  Nash.  M.  Chen,  M.  A. 

Tsankov,  C.  E.  Patton 

t 

4 

5630 

Self-channeling  of  magnetostatic  waves  in  ferromagnetic  film  (abstract) 

J.  Boyle,  S.  A.  Nikitov,  A.  D. 
Boardman,  A.  Moghadam,  K.  M. 
Booth,  J.  G.  Booth 

i 

| 

I 

5631 

Spin  wave  solitons  in  an  antiferromagnetic  film  (abstract) 

A.  D.  Boardman,  S.  A.  Nikitov, 

N.  A.  Waby 

5632 

Brillouin  light  scattering  study  of  spin  wave  instability  magnon  distributions 
in  yttrium  iron  garnet  thin  films  (abstract) 

P.  Kabos,  G.  Wiese,  C  E.  Patton 

5633 

Nonlinear  surface  spin  waves  (abstract) 

A.  L.  Sukstanskii,  S.  V.  Tarasenko 

Magnate  Propartes:  Tunneling 

5634 

Thermal  equilibrium  noise  with  1/f  spectrum  and  temperature-dependent 
magnetic  viscosity  in  the  amorphous  alloy  DyNi 

B.  Barbara,  A.  Ratnam,  A.  Cavalleri, 
M.  Cerdonio,  S.  Vitale 

5637 

Time-dependent  phenomena  at  low  temperature  in  magnetic  digital 
compact  cassette  tape 

X.  X.  Zhang,  J.  Tejada 

5639 

Low-temperature  magnetic  relaxation  of  organic  coated  NiFe20,  particles 

R.  H.  Kodama,  C.  L  Seaman,  A.  E. 
Berkowitz,  M.  B.  Maple 

5642 

Quantum  tunneling  across  a  domain  wall  junction  (abstract) 

Bernard  Barbara.  Leon  Gunther 

5642 

Macroscopic  quantum  tunneling  in  antiferromagnetic  horse-spleen  ferritin 
particles  (abstract) 

J.  Tejada.  X.  X.  Zhang 

5643 

Magnetism  of  thin  magnetic  layers  with  strong  anisotropy  and  quantum 
tunneling  (abstract) 

P.  Perera.  M.  J.  O'Shea 

Magnetoetastic  Bahavlor  of  FHma  ami  Crystals 

5644 

Magnetic  and  structural  modifications  in  Fe  and  Ni  films  prepared  by 
ion-assisted  deposition 

William  A.  Lewis,  Michael  Farle. 
Bruce  M.  Clemens.  Robert  L.  White 

5647 

Magnetostricbve  hysteresis  in  nickel  polycrystalline  thick  films 

Isabelle  Brard,  Roland  Georges, 
Gilles  Le  Blevennec 

5650 

Method  for  determining  both  magnetostriction  and  elastic  modulus  by 
ferromagnetic  resonance 

R.  D.  McMichaei 

5653 

Multitarget  sputtering  of  high  magneto3trictive  Tb-Dy-Fe  films 

E.  Quandt 

5656 

Magnetostriction,  elastic  moduli,  and  coupling  factors  of  composite 

Terfanof-D 

L  Sandlund,  M.  Fahlander,  T. 

Ceded,  A.  E.  Clark,  J.  B.  Restorff, 

M.  Wun-Fogie 

5659 

Structure  and  magnetic  properties  of  mechanically  alloyed  SmFej 

Clive  D.  Milham 

► 


j  (Continued) 

i 
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5662  High  pulsed  field  magnetostriction  in  RMr^  (fl=Gd,  Tb,  Nd,  and  Y) 

5665  An  ultrasonic  study  of  the  Neel  transition  in  dilute  Cr-AI  alloy  single 
crystals 

5667  Mag  stostnction  o ♦  polycrystalline  Co-Pd  alloys 

5670  Hysteretic  and  other  relationsuips  between  technical  magnetostriction  and 
magnetization 

5673  Micromagnetic  model  for  the  influence  of  biaxial  stress  on  hysteretic 
magnetic  properties 

5676  Modeling  the  effects  of  stress  on  magnetization  in  ferromagnetic  materials 
(abstract) 

Hysteresis  and  Mlcromegnetlcs 

5677  Interpretation  of  hysteresis  curves  and  Henkel  plots  by  the  Preisach 
model  (invited) 

5683  Experimental  testing  of  applicability  of  the  Preisach  hysteresis  model  to 
superconductors 

5686  2D  vector  Preisach  models  and  rotational  hysteretic  losses 

5689  Demagnetized-state  dependence  of  Henkel  plots.  I.  The  Preisach  model 

5692  Demagnetized-state  dependence  of  Henkel  plots.  II.  Domain  wall  motion 

5695  Model  calculations  of  rotational  hysteresis  for  ferromagnetic  particles  with 
competing  anisotropies 

5698  A  hysteresis  model  with  interactions 

5701  Simulation  of  magnetization  reversal  in  two-phase  exchange  coupled 
nanocrystalline  materials 

5704  Activation  volume  of  a  pair  of  magnetostatically  coupled  particles 

5707  Parameter  template  in  local  magnetic  measurements 

5710  3-D  micromagnetic  modeling  of  domain  configurations  in  soft  magnetic 
materials 

5713  Magnetization  in  current  carrying  iron  whiskers  (abstract) 

Magnetic  Semiconductor 

5714  Spin-dependent  confinement  in  DMS-based  heterostructures  (invited) 

5719  Optical  transitions  in  (ZnCo)Se  and  (ZnFe)Se:  Role  of  an  effective  p-d 
exchange  (invited) 

5725  Coexistence  of  Brillouin  and  Van  Vleck  spin  exchange  in 
Zn,  _xMnJ(Se/Zn,  .yFe),Se  spin  superlattice  structures 

5728  Magnetic  study  of  the  diluted  magnetic  semiconductor  Sn,  _,Mn,Te 


5731  Magnetic  behavior  of  (Culn),  -,Mn2;(Te2 

5734  Relaxation  of  magnetization  in  Cd,  „MnxTe  diluted  magnetic 
semiconductors  under  illumination 

5737  Theory  of  magnetization  in  IV-VI  based  diluted  magnetic  semiconductors 
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B.  T.  Jonker,  H.  Abad,  L.  P.  Fu, 

W.  Y.  Yu,  A.  Petrou,  J.  Wamock 
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Venrtix,  T.  Story,  H.  J.  M.  Swagten. 

C.  H.  W.  Swuste,  W.  J.  M.  de 
Jonge 

P,  M,  Shand,  P.  A.  Polstra,  I. 
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5740  Effects  of  oxygen  vacancies  on  magnetic  properties  of  Ca-substituted 
yttrium  iron  garnet  (abstract) 

Magnetic  Recording:  Frequency,  Spatial,  and  Tribological  Effects 

5741  Tribological  studies  of  silicon  for  magnetic  recording  applications  (invited) 

5747  Mathematical  modeling  of  lubrication  for  the  head-disk  interface  using 
incompressible  fluids 

5750  Wear  and  stlction  regimes  of  thin-film  magnetic  disks 

5753  Recording  medium  properties  and  capacity  bounds 

5756  Direct  imaging  of  track  edge  fringing  fields  on  recorded  media 

5759  Computation  of  magnetic  fields  from  recording  surfaces  with  multiple 
tracks 

5762  Micromagnetic  modeling  and  experimental  study  of  transition  noise 
correlation  in  thin-film  media 

5765  Noise  correlations  in  dion  recording 

5768  Magnetic  viscosity  in  high-density  recording 

5771  Friction  and  wear  of  ultrahigh-density  magnetic  tapes 

5774  Analysis  of  write  and  read  spacing  loss  for  perpendicular  recording 
(abstract) 

5775  Experimental  Preisach  analysis  of  the  Wohlfarth  relation  (abstract) 

Soft  Magnetic  Materials  and  Applications  I 

5776  Magnetic  fine  structure  of  domain  walls  in  iron  films  observed  with  a 
magnetic  force  microscope 

5779  Influence  of  rf  magnetron  sputtering  conditions  on  the  magnetic,  crystalline, 
and  electrical  properties  of  thin  nickel  films 

5782  Molecular  magnets  V(tetracyanoethylene)xy(solvent):  Applications  to 
magnetic  shielding 

5785  Soft  magnetic  properties  of  nanocrystalline  Fe-Hf-C-N  films 

5788  Electrical  characteristics  of  spiral  coil  planar  inductors  using  amorphous 
alloy  ribbons  as  magnetic  layers 

5791  Bending  stresses  and  bistable  behavior  in  Fa-rich  amorphous  wire 

5794  Relaxation  in  magnetic  corrtinua 

5797  Generalized  equations  for  domain  wall  dynamics 

5800  Magnetic  induced  uniaxial  anisotropy  in  NiFe  and  NiFeCr  films  (abstract) 

5800  Structural  and  magnetic  properties  of  rf-sputtered  iron  nitrides  using  NHj 
(abstract) 

5801  Nudeation  of  the  nanocrystalline  phase  in  FeTssCuiNbjSlia.sBo  (abstract) 

Symposium:  Magnetic  Circular  Dlchrolsm 

5802  Validity  and  the  applicablity  of  magnetic-circular-dichroism  sum  rules  for 
transition  metals  (invited) 


Y.  J.  Song  R.  E.  Bomfreund,  6,  B. 
Turpin,  P.  E.  Wigen 


Bharat  Bhushan,  Vilas  N.  Koinkar 
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Ralph  Simmons 

Pu-Ling  Lu,  Stanley  H.  Charap 
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Roger  Proksch,  Sheryl  Foss, 
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Tanaka 
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Terry  Torng,  Simon  H.  Liao 
John  Q.  Xiao.  C.  L  Chien 
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Sprague,  W.  T.  Elam 


Ruqlan  Wu,  Dingsheng  Wang,  A.  J. 
Freeman 
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5807 

X-ray  magnetic  circular  dichfotam  studies  of  multilayered  thin  films  of  3d 
transition  metals  (Invited)  (abstract) 

D.  Metier,  M.  G.  Samara,  J.  Stohr, 

Y.  Wu,  B.  D.  Hermsmeter,  G,  Held, 
C.  Chapperi 

5807 

Physical  information  in  polarized  x-ray  absorption  spectroscopy  and  x-ray 
photoemission  spectroscopy  (invited)  (abstract) 

Bernard  Theodoor  Thole 

5806 

Element  specific  magnetic  hysteresis  curves  of  Fe/Cu/Co  multilayers 
(Invited)  (abstract) 

Y.  U.  Idzerda,  H.-J.  Un,  G.  Ho,  G. 
Meigs,  A.  Chaiken,  G.  A.  Prinz, 

C.  T.  Chen 

5800 

Core-level  magnetic  circular  dichroism  in  3d  and  4/  magnetic  systems 
(invited)  (abstract) 

T.  Koide 

5810 

Soft  x-ray  magneto-optical  Ken  effect  (invited)  (abstract) 

C.  C.  Kao,  C.  T,  Chen,  E.  D. 
Johnson,  Y.  U.  Idzerda,  J.  B. 
Hastings 

Cooperative  Phenomena:  Critical  Phenomena  and  Dlaordered  Syatema 

5811 

Application  of  the  spreading  of  damage  technique  to  the  S  =  1 12  Ising  thin 
film 

1.  V.  Rojdestvenski,  U.  M.  S.  Costa 

5814 

Quantum  renormalization  of  the  XY  model 

Alessandro  Cuccoli,  Valerio 

Tognetti,  Paola  Verrucchi,  Ruggero 
Vala 

5817 

Magnetization  and  static  structure  factor  behavior  in  a  first-order  helix-fan 
phase  transition 

E.  Rastelli.  S.  Sedazzari,  A  Tassi 

5820 

Magnetic  properties  in  the  Ising  mixed  spin-1/2-spin-1  superlattice 

E.  F.  Sarmento,  J.  C.  Cressoni, 

R.  J.  V.  bos  Santos 

5823 

Monte  Carlo  calculation  of  the  correlation  range  for  the  S=j  isotropic 
Heisenberg  ferromagnetic  thin  film 

1.  V.  Rojdestvenski,  M.  G.  Cottam, 

1.  A.  Favorski 

5826 

Static  critical  properties  of  disordered  ferromagnets  studied  by 
superconducting  quantum  interference  device  magnetometry  and 
small-angle  neutron-scattering  techniques 

S.  Pouget,  M.  Alba,  M.  Nogues 

5829 

Thermodynamical  properties  of  a  Heisenberg  model  with  Dzyaloshinski- 
Moriya  Interactions 

F.  Lacerda,  J.  Ricardo  de  Sousa, 

1.  P.  Fittipaldi 

5832 

A  unified  effective-field  renormalization-group  framework  approach  for  the 
quenched  diluted  Ising  models 

Douglas  F.  de  Albuquerque.  1.  P 
Fittipaldi 

5835 

Critical  behavior  of  the  anisotropic  Heisenberg  model  by  effective-field 
renormalization  group 

J.  Ricardo  de  Sousa,  1.  P.  Fittipaldi 

5838 

Random  decorated  antiferromagnetic  ising  model  with  mixed  spins 

Vanessa  M.  Correia,  Roberto  J.  V. 
dos  Santos 

5841 

Phase  diagrams  of  diluted  ferromagnetic  Ising  films  in  a  transverse  field 

J.  C.  Cressoni-,  J.  W.  Tucker,  E.  F. 
Sarmento 

5844 

Relaxation  dynamics  in  a  reentrant  (FeNI)Mn  ferromagnet:  A  percolation 
analysis 

D.  Li,  R.  M.  Roshko,  G.  Yang 

5847 

Spin  glasses  with  cubic  anisotropy 

Z.  Domariski,  T.  K.  Kopec,  F. 
Pazmandi,  P.  Erdos 

5850 

Macroscopic  random  magnetic  anisotropy  constant  in  crystalline 

Dy*Y,_xAl2  (x=0.3,  0.4) 

A.  del  Moral,  M.  Ciria,  J.  1.  Amaudas, 
J.  S.  Abell.  Y.  Bi 

5853 

Temperature  dependence  of  the  hyperfine  field  distributions  in  the 
Ftiss.s-xNfWtaa  (*”0, 2)  amorphous  alloys 

G.  K.  Nicoiaides,  M.  Pissas,  D. 
Niarchos,  R.  D.  Taylor,  K.  V.  Rao 

5856 

Blocking  of  logarithmic  temporal  relaxation  of  magnetic  reman ence  by 
piezomagneticsdly  induced  domains  in  Fa,  ,xZnxF2 

J.  Kushauer,  C.  Binek,  W.  Kleemann 

5659 

One-dimensional  antltarromagnetic  behavior  in  AVOPOt  (A =NH4,  N a) 
prepared  from  hydrothermal  conditions 

Charles  J.  O'Connor,  Victoria 
Soghomontan,  Robert  C. 
Haushatter,  Zhanwen  Wang,  Jon 
Zubleta 

5862 

ac  susceptibility  on  the  dilute  antiferromagnet  MnxZn,  _XF2  close  to  the 
percolation  threshold  (abstract) 

F.  L  A.  Machado,  F.  C.  Montenegro, 
E.  Montarroyos,  J.  C.  0.  de  Jesus, 
A  Rosales-Rivera,  S.  M.  Rezende 

(Continued) 
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J.  Noguee.  K.  V.  Rao 


5862  The  frequency  dependence  of  the  ferro-to-ipinglaeabaniilton  of  amorphous 
Fa-rteh  Fa-2  ((tetrad) 

5883  Cooperative  apin-craaaovar  transition:  Effects  ot  the  antffarro-  and 
ferri-ordered  phase  (abstract) 

Small  ParUdaa 

5864  Nanocomposite  formation  In  the  Fej04-Zn  system  by  reaction  milling 
5867  Fe-AlgOa  nanocomposites  prepared  by  high-energy  bail  miking 


5870  Synthesis  and  properties  of  a'-FeiaN2  in  magnetic  particles 


5873  Magnetism  and  spin  dynamics  of  nanoscaie  FeOOH  particles 


5876  Magnetic  properties  of  microemulsion  synthesized  cobalt  fine  particles 


5879  Magnetic  properties  of  carbon-coated  rare-earth  carbide  nanocrystaffites 
produced  by  a  carbon  arc  method 


5882  Magnetic  properties  of  carbon-coated,  ferromagnetic  nanoparticles 
produced  by  a  carbon-arc  method 


5885  Structural  and  magnetic  properties  of  ultrafine  Fe-Pd  particles 

5888  Fine  structure  and  magnetic  properties  of  Mn-  and  Co-doped 
nanocrystalline  yFejOj 
5891  Elongated  superparamagnetic  particles 

5894  Interactions  between  single  domain  particles 

5897  Temperature  dependence  of  switching  field  distribution 


5900  Dynamics  of  fine  particles  observed  in  zero-field  neutron  scattering 
5903  Magnetic  properties  of  fine  Ni  particles  coated  with  Pd  (abstract) 


5903  Nuclear  magnetic  resonance  studies  on  the  surface  magnetism  of 
vanadium  ultrafine  particles  (abstract) 

New  Instrumentation  and  Measurement  Techniques 

5904  Polyphase  eddy  current  testing 

5907  Defect  recognition  in  conductive  materials  by  local  magnetic-field 
measurement 

5910  Component-resolved  Imaging  of  surface  magnetic  fields 

5913  Measurement  of  Young's  moduli  for  film  and  substrate  by  the  mechanical 
resonance  method 

5916  A  new  structure  of  torque  sensors  using  thin  pickup  head— Use  of  mutual 
coupling  modulation 

5919  A  microwave  transmission  spectrometer 


Benjamin  G.  Vekhter 


Laszto  Takacs,  Martha 
Pardavi-HorvMh 

Seren  Undercth,  Michael  S. 
Pedersen 

Xiaohua  Bao,  Robert  M.  Metzger, 
Massimo  Catbudcchio 
M.  M.  Ibrahim,  G.  Edwards.  M.  S. 
Seehra,  B.  Ganguly,  G.  P.  Huffman 
J.  P.  Chan,  K.  M.  Lee,  C.  M. 
Sorensen,  K.  J.  Kiabunde,  G.  C. 
Hadjipanayis 

B.  Diggs,  A.  Zhou.  C.  Silva,  S. 
Kirkpatrick,  N.  T.  Nuhter,  M.  E. 
McHenry,  D.  Petasis,  S.  A.  Majebch, 
B.  Brunett,  J.  O.  Altman,  S.  W. 
Staley 

E.  M.  Brunsman,  R.  Sutton,  E. 
Bortz,  S.  Kirkpatrick.  K.  MkMfort.  J. 
WWiams,  P.  Smith,  M.  E.  McHenry, 
S.  A.  Majetich,  J.  O.Artman,  M.  De 
Graef,  S.  W.  Staiey 

L  Ylping,  G.  C.  Hadjipanayis,  C.  M. 
Sorensen,  K.  J.  Kiabunde 

Ming-Cheng  Deng,  Tsung-Shune 
Chin,  F.  R.  Chen 
Amikam  Aharoni 

Roger  Proksch.  Bruce  Moskowitz 

Jiang-Chtng  Lin,  I.  KHk,  C.  J.  Chen. 
Ching-Ray  Chang 

M.  Hennion,  C.  BeHouard,  I. 
Mirebeau,  J.  U  Dormann,  R.  Ober 

Makoto  Yamaguchi,  Yoshtchika 
Otani,  Hideki  Mryajima 

Yukihiro  Hirayama,  Tomoki  Erata, 
Eijl  Kita,  Akira  Tasaki 


I.  Mannova,  S.  Hayano,  N.  Ishida, 
Y.  Saito,  Y.  Hirama,  M.  Yamamoto 

T.  Doi,  S.  Hayano,  I.  Martnova,  N. 
Ishida,  Y.  Saito 

R.  D.  Gomez,  E.  R.  Burke,  I.  D. 
Mayergoyz 

Y.  H.  Lee,  Y.  D.  Shin,  K.  H.  Lee, 

J.  R.  Rhee 

I.  Sasada,  F.  Koga 

Carlo  Waldfried,  Scott  Wadewitz, 
G.  Dewar 


(Continued) 


Z  J.  Chan,  0.  C.  Mee 


Inspection  (abstract) 

5622  Throe  component  magnetic  flaw  measurements  using  cubic  anisotropy  In 
(ill)  YH3  Urns  (abatract) 

5623  Magnetoresistive  characterization  of  thin-film  structures  by  a  gradient-field 
method  (abatract) 

5624  Oiaparslvity  meaaurement  of  magnetic  powders  using  the  magnetic  noiae 
method  (abatract) 

Sympoahan:  Environmental  Magnetism 

5605  Contributions  of  itne-porticte  magnetism  to  reading  the  global  paieodimate 
record  (Imrted) 

5831  Collection,  moaaursmont,  and  analysis  of  airborne  magnetic  particulates 
from  polution  In  the  environment  (invited) 

unm  i  iwmiwii 

5837  Dynamics  of  the  one-dimensional  spin-1  Heisenberg  antiferTomagnet  with 
exchange  and  single-site  anisotropy 

5640  Ferromagnetism  of  single  crystal  FetSjCNfCaDJJaCI 


5643  Spin-1/2  Heisenberg  antiferamagnet  on  the  square  and  triangular  lattices: 

A  comparison  of  finite  temperature  properties 
5646  Disorder-driven  first-order  phase  transformations:  A  model  for  hysteresis 


5648  Magnetic  properties  of  the  two-dimensional  “triangles-in-triangles” 

Kagome  lattice  Cu»X2(cpa)e  (X=F,CI,Br) 

5852  Magnetic  properties  of  two  copper  (ll)-halide  layered  perovskites 

5655  Can  the  universal  jump  be  observed  In  two-dimensional  XY  magnets? 

5858  Strong  thermal  fluctuation  effects  on  the  dynamics  of  Bloch  walls  (abstract) 
5958  Depth-dependent  magnetic  correlation  length  in  terbium  (abstract) 


TNn  Film  Recording  Media  I 

5860  Ba-ferrtte  thin-film  media  for  high-density  longitudinal  recording  (invited) 


5666  Microstructural  investigations  of  barium  ferrite  longitudinal  thin-film  media 
5866  Low-temperature  deposition  of  hexagonal  ferrite  films  by  sputtering 


5872  Surface  roughness  and  magnetic  properties  of  in  situ  heated  and 
postanneaied  thin  films  of  perpendicular  barium  ferrite 
5875  Preparation  of  Co-Zn  ferrite  films  at  low  substrate  temperature  by 
plasma-free  dc  sputtering  for  magnetic  recording  media 
5878  Magnetic  and  crystallographic  properties  of  Co-Cr-(Ta,Pt)/Cr  films  deposited 
by  excimer  laser  ablation 

5861  Transverse  susceptibility  and  ferromagnetic  resonance  of  Hi-6 
metal-evaporated  tape 


A.  Ya  Pertov,  A.  I.  Voronko,  P.  M. 
Vetoehko,  V.  B.  Voftovoy 
P.  L  Trouiboud,  F.  Suits,  C.  V. 
Jahnes,  M.  A.  Russak,  E.  J.  Spada, 
J.  W.  Chang 
V.  M.  Vasilyev 


Subtr  K.  Banerjee 


Philip  J.  Flanders 


Shu  Zhang,  Yongmin  Yu,  V.  S. 
Viswanath,  Joachim  Stotze, 
Gerhard  Muller 

G.  C.  DeFotis,  W.  W.  Brubaker,  S. 
Chandarlapaty,  K.  L  Beers,  G 
Coffey 

N.  Bstner,  R.  R.  P.  Singh,  A.  P. 
Young 

Karin  Dahmen,  Sivan  Kartha, 
James  A.  Krumhansl,  Bruce  W. 
Roberts,  James  P.  Sethna,  Joel  D. 
Shore 

Sanchit  Marub,  Leonard  W.  ter 
Haar 

N.  Sivron,  T.  E.  Grigereit,  John  E. 
DrumheHer,  K.  Emerson,  R.  D. 
Willett 

S.  T.  Bramwell,  P.  C.  W.  Holdsworth 


M.  Hartl,  D.  Garanin,  J.  Koetzler 

P.  M.  Gehring.  K.  Hirota,  C.  F. 
Majkrzak,  G.  Shirane 


T.  L  Hylton.  M.  A.  Parker.  M.  Ullah, 
K.  R.  Coffey,  R.  Umphress,  J.  K. 
Howard 

B.  Y.  Wong,  X.  Sui,  D.  E.  LaugNin, 

M.  H.  Kryder 

Akimitsu  Morisako.  Hiroaki 
Nakanishi,  Mrtsunori  Matsumoto, 
Masahiko  Naoe 
Kyusik  Sin,  John  M.  Sivertsen, 

Jack  H.  Judy 

N.  Matsushita,  K.  Noma,  S. 
Nakagawa,  M.  Naoe 

A.  Ishikawa,  K.  Tanahashi,  Y. 
Yahtsa,  Y.  Hosoe,  Y.  Shkoishi 

C.  Surig,  G.  Zhnmermann,  K.  A. 
Hempei 
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5964  Low-temperature  sputter  deposition  of  higb-coerciv*y  Co-Cr  Aims  (or 
pupmjicylif  recording 

5967  Improvement  of  anisotropy  of  perpendicular  magnetic  recording  tape  by 
Ta  addition  and  Kr  sputtering  gas  (abstract) 
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5968  High  Bald  magnattzation  maaaursmanta  o f  Sm^Fe,?.  SmgFe,^, 
Snijf^TOg,  and  PrjF#17,  Pr^e,^  (Invited) 

5964  Comparative  Moesbauer  effect  study  of  several  R*Fe,7  and  RjFe17N, 
compounds 

5997  The  effects  of  group  /VEWB/VJ  B  additions  on  the  magnate  properties  of 
Smj+JFa,7carbonltrids3 

6000  Phase  transformation  induced  by  gas  phase  reaction  in  RFe70SiQ,  aboya 

6003  A  detailed  study  of  nitride  precipitates  in  NdsFe,7 

6006  Aligned  high  anisotropy  Pr(Fe,Co,Mo)i2N  film  samples 

6009  Anisotropy  and  Dux  density  enhancement  in  aligned  ThMnirtype 
NdFe„Co,  _,,MoyN  IHm  samples 

6012  Hydrogenation  decomposition  desorption  recombination  magnets  based 
on  Sm2+jFe17Mo_4  carbonitrides  (M=IVB/VB/VIB  group  elements) 

6015  Nitriding  of  melt-spun  Nd-Fe-Mo  alloys 


Neofci  Honda.  Kazufteo  Ouchi, 
Shurvichi  Iwaaaki 

Ktyoehi  Kuga,  Hideeki  Yoehimoto, 
Ybahiro  Yoneda.  Junji  Numazama, 
Uaaahiko  Naoe 


0.  tenant,  S.  Mtragke.  M  QuHot, 
D.  Fruchart 

Gary  J.  Long,  S.  Miehro,  O.  A. 
Prtngte,  F.  Grandfosn,  X  H.  J. 
Buschow 

X  Chen.  Er.  Girt,  Z  ANounian 


E.  W.  Singleton,  G.  C.  Hadppanayte, 
V.  Papaefthymkxi,  Z  Hu,  W.  B. 
Yaton 

C.  C.  Cotucd,  S.  Gama,  C.  A. 
Ribeiro,  L  P.  Cardoeo 

R  Rani,  H.  Hegde,  A  Navaratbna. 

F.  J.  Cadieu 

A  Navarathna,  H.  Hegde,  R.  Rani, 
F.  J.  Cadieu 
X  Chen,  Z.  Aitounian 


F.  E.  Pinkerton,  C.  D.  Fuerst,  J.  F. 
Herbal 


6018  Effect  of  milling  on  the  magnetic  and  microstructural  properties  of 
SmjFe,^,  permanent  magnets 
6021  Magnetic  properties  of  Y(Fe,Co)10MO2  alloys 


P.  A  P.  Wendhausen,  B.  Gebei,  D. 

Eckert,  K.-H.  Muller 

Xie  Xu,  Roy  Tucker,  S.  A  Shaheen 
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6024 

Magnetic  thin-film  media  response  in  presence  of  displacement  eddy 
currents 

A  Geri,  A  SaMni,  G.  M.  Veca 

6027 

On  finite  element  implementation  of  Impedance  boundary  conditions 

1.  D.  Mayergoyz,  G.  Bedrostan 

6030 

Three-dimensional  iterative  solution  for  the  multiconductor  eddy  current 
and  free  surface  calculations 

M.  Ramadan  Ahmed.  X  F.  AS. 
Ibrahim  Moustafa 

6033 

Modeling  and  analysis  of  electric  and  magnetic  coupled  problems  under 
nonlinear  conditions 

A  Geri,  M.  U  Rosa.  G.  M.  Veca 

6036 

Transformation  methods  in  computational  electromagnetism 

A  Nicoiet,  J.-F.  Remade,  B.  Meys, 
A  Genon,  W.  Lepras 

6039 

The  effects  of  various  magnetic  materials  on  lamination  design  for  stator- 
rotor  diecasting  of  induction  motors  for  electric  vehicle  applications 

N.  M.  Elkasabgy.  C.  Di  Pietro 

6042 

An  improved  method  for  magnetic  flux  density  visualization  using 
three-dimensional  edge  finite  element  method 

Vtatko  Cingoeki,  Hideo  Yamashtta 

6045 

Optimum  design  of  voice  coil  motor  with  constant  torque  coefficients  using 
evolution  strategy 

Chang  Seop  Koh,  Osama  A 
Mohammed,  Jun-o  Kim,  Song-yop 
Hahn 

6048 

Thtee-dbnenaicnal  eddy  current  solution  of  a  polyphase  machine  test 
model  (abstract) 

Owe  Pahner,  Ronnie  Batmans, 
Vlado  Ostovtc 

6049 

Numerical  methods  and  measurement  systems  for  nonlinear  magnetic 
circuits  (abstract) 

Axel  HeHbrink,  Hans  Dietsr  StDrzer. 
Adafoert  Beyer 

6050 

Comparative  analysis  of  two  methods  for  time-harmonic  solution  of  the 
steady  state  In  Induction  motors  (abstract) 

Robrecht  DeWeerdt,  Kostadln 
Brandteky,  Uwe  Pahner,  Ronnie 
Bsknans 
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6081  Selection  ot  (he  ground  stale  In  CaCuClj  by  quantum  fiuctutfions 

6064  Sealing  behavior  of  tha  homogeneous  magnetization  dynamics  In  tha 
ferromagnetic  state  of  EuS 

6067  Dynamical  properties  of  quantum  spin  systems  in  magnadcaly  ordered 
product  ground  states 

6060  Magnono  In  lerromagnellc  terbium  under  high  pressure 

6063  Potartadoo  analysis  of  magnons  in  CaMnl3 

6066  Otematlon  dependence  of  dipole  gape  In  the  magnetostatic  wave 
spectrum  of  Bi-subetltuted  Iron  garnets 

6066  Polarization  analysis  of  die  magnetic  excitations  in  FeggNijg  Invar 

6072  Temperature  dependence  of  the  magnetic  excitations  in  ordered  and 
disordered  Fe^Pt^ 

6075  Theory  of  ferromagnetic  resonance  relaxation  In  very  small  solids 

6078  Crystallographic  and  magnetic  properties  of  CoyFe,  _,Cr2S< 


6081  The  effect  of  Co  doping  on  spin  duster  resonance  In  the  one-dimensional 
tsing  ferromagnet  FeTAC 

6064  New  perspective  on  the  Green’s  function  dipole-exchange  spin  wave 
theory  tar  thin  films  (abstract) 

6085  Ground  state  and  spin  dynamics  in  hexagonal  antiferromagnet  CsCuCI3 
(abstract) 

Magnetic  Bubble  and  VBL  Marne  rise 

6066  Successive  Bloch  line  write  operation  in  a  1-;iM  bubble  material 

6089  Mtaromagnedc  computation  for  wall  and  Bloch  line  coerdvity  in  thin  films 
with  perpendicular  anisotropy 

6092  Phase  transitions  in  bubble  lattice  under  temperature  lowering  (abstract) 

6099  An  adaptive  computational  method  for  domain  wall  dynamics  (abstract) 
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6094  Wet-process  preparation  of  amorphous  Y-Fe  oxide  films  ferromagnetic  at 
room  temperature 

6097  Magnetic  anomalies  in  single  crystal  FejO,  thin  films 

6100  An  analysis  of  the  high-temperature  relaxation  In  pdycrystalline  magnetite 

6103  Dy^FesOi2  9®tw*  thin  Dime  grown  from  sputtering  of  metallic  targets 

6106  Enhanced  coerdvity  due  to  a  local  anisotropy  increase 

6109  The  microwave  absorbing  and  resonance  phenomena  of  Y-type  hexagonal 
forrita  microwave  absorbers 

6112  Effect  of  ErjOj  addition  on  microstructure  and  physical  properties  of  Mn- 
Zri  ferrites  for  high-power  use 


E.  nutiM.  A.  Tassi 

R.  DombrowaU.  0.  Goriitz,  J. 
KotzJer,  Chr.  Marx 

V.  S.  Vlewanath,  Joachim  Stotze. 
Gerhard  Muter 

S.  Kawano,  J.  A  Femandez-Baca, 
R.  M.  Niddow 

Z  Tun,  T.  C.  Hsu,  J-G.  Lustier 

Ana  K.  Chemakova,  Andrew  Cash, 
Joes  Peruyero,  Daniel  D.  Standi 

J.  W.  Lynn,  N.  Roaov,  M.  Acet,  H. 
Bach 

N.  Roaov,  J.  W.  Lynn,  J.  Kastner, 

E.  F.  Wasaermann,  T. 
Chatfopadhyay,  H.  Bach 

J.  B.  Sokdoff 

Chui  Sung  Kim,  Min  Yong  Ha, 
Heung  Moon  Ko,  Young  Jei  Oh. 
Heung  Soo  Lea,  Sang  Youi  Lee, 
Jung  Chui  Sur,  Jae  Yun  Park 

R.  S.  Rubins.  T.  D.  Black,  K. 
Raviodran,  John  E.  Drumheker 
Ming  Chen,  Cart  E.  Patton 

E.  P.  Stefanovskii,  A  L  Sukstanskii 


K.  Matsuyama,  T.  Ohyama,  H. 
Asada,  K.  Tanfguchi 

H.  Asada,  K.  Matsuyama,  M. 

Gamachi,  K.  Taniguchi 

V.  S.  Gerasimchuk,  Yu.  I.  Gorobets, 

K.  OeVWe 

Sergey  G.  Osipov 


Q.  Zhang,  T.  Itoh,  M.  A be,  M.  J. 
Zhang 

D.  T.  Margukes.  F.  T.  Parker,  A  E. 
Betkowttz 

J.  Castro,  D.  Martinez,  J.  Rivas, 

H.  J.  Blythe 

J.  Ostorero,  M.  Escome,  A 
Pecherort-Guegan,  F.  Soutette,  H. 
La  Gad 

J.  A  Jatau,  M.  Pardavi- Horvath,  E. 
Data  Torre 

H.  J.  Kwon,  J.  Y.  Shin,  J.  H.  Oh 


C.  S.  Uu.  J.  M.  Wu,  C.  J.  Chen. 
M.  J.  Tung 


(Continued) 


6115  Otspsrsion  obsurved  in  electrical  properties  of  tltanium-substitutod  MNum 

tanifes 

6118  Electrical  conductivity  of  Mn-Zn  ferrites 

6121  CompoMbon  dependence  of  the  Mastic  moduli  of  mixed  lithium-cadmium 

ferrites 

6124  Deposition  and  properties  of  NIFejO«  thin  lime  (abstract) 


6124  Studies  of  stoichiometric  variations  of  epitaxialy  grown  Fe^jO*  (abstract) 


6125  Cation  distribution  of  U-71  mixed  ferrites  (abstract) 

Thin  FMan  Recording  Hadta  8 

6126  Magnetic  and  microetructurai  properties  of  CoCrPt/CoCrPtSi  dual-layered 
magnetic  recording  madia 

6129  Bicrystal  advanced  thin-flim  media  for  high  density  recording 

6132  AFM  structure  and  media  noise  of  SmCtyCr  thin  films  and  hard  disks 

6135  Modeling  of  thin-film  media  with  advanced  microstructure  for  ultrahigh 
density  recording 

6136  Evaluation  of  the  CoCrTaPt  alloy  for  longitudinal  magnetic  recording 

6141  Analysis  of  the  electronic  properties  of  CoCrPt  thin  films  using  parallel 
electron  energy  loss  spectroscopy  (PEELS) 

6144  Noise  properties  and  microetructure  of  oriented  CoCrTa/Cr  media 


6147  Effects  of  oxide  addition  on  magnetic  and  structural  properties  of  CoNiPt 
alloy  films 

6150  Comparison  of  reproduce  signal  and  noise  of  conventional  and  keepered 
CoCrTa/Cr  thin  Him  media 

6153  Process  temperature  dependence  of  dU  plots  on  Co  alloy  media  on 
amorphous  carbon  substrates 

6156  Friction  and  wear  of  Ion-implanted  diamondHke  carbon  and  foUerene  films 
for  thin-film  rigid  disks 

6159  Thin  IMm  disks  tor  high  density  recording  with  textured  underlayers 
(abstract) 

6160  A  study  of  the  structural  properties  of  sputtered  CoCrPt  based  on  x-ray 
diffraction,  small  angle  x-ray  scattering,  XAFS,  and  transmission  electron 
microscopy  measurements  (abstract) 

6161  Muttfoudear  nonmagnetic  resonance  studies  of  perffuoro  poly  ether 
lubricants  (abstract) 

6162  The  duraMity  of  new  rigid  disks  by  molded  plastic  substrates  (abstract) 


Coupling  Through  Nonmagnafic  Layers 

6163  Temperature-dependent  non-Heisenberg  exchange  coupling  of 
ferromagnetic  layers  (invited) 


Byoy  Kumar  Kuanr,  G  P.  Srivaafe va 


D.  Ravmder,  K,  Laths 
0.  Ftovmder 


R.  B.  van  Dover,  E.  M.  Qyorgy, 

J.  M.  Philips,  J,  H.  Marshal.  R.  J. 
Felder,  R.  M.  Ffemhg,  H.  O’Bryan, 
Jr, 

E.  Lochner,  K.  A.  Shaw,  R.  C. 
DiBari,  D.  Hilton,  D.  M.  Lind.  S.  D. 
Barry 

M.  Bhagevantha  Reddy, 

P.  Venugopal  Reddy 


N.  Inaba,  Y.  Matauda,  M.  Suzuki.  A. 
Nakamura,  M.  Futamoto 

Tai  Min,  Jian-Gang  Zhu 

E.  M.  T.  Veto,  D.  N,  Lambeth,  J.  T. 
Thornton,  P.  E.  Russel 
Xlao-Guang  VSs,  Jian-Gang  Zhu 


Yuanda  Cheng,  Moftaba  Sedighi, 
Irene  Lam,  Richard  A,  Gardner, 
ZhiJun  Yang,  Michael  R.  Scheinfein 
Pawel  Glider,  John  M.  Sivertsen, 
Jack  H.  Judy 

R.  Ranjan,  W.  R.  Bennett,  G.  J. 
Tamopolsky,  T.  Yamaahita,  T. 

Nolan,  R.  Sinclair 

A.  Murayama,  S.  Kondoh,  M. 

Mryamura 

Kyusik  Sin,  Juren  Ding,  Pawel 

Gtljer,  John  M.  Sivertsen,  Jack  H. 

Judy,  Jian-Gang  Zhu 

Masago  Kuwabara,  Haydee  Saffari, 

Mark  R.  Vtsokay,  Hidetaka  Hayashi. 

Motoharu  Sato 

Bharat  Bhushan,  B.  K.  Gupta 


Mohammad  Mirzamaanl,  Michael  A. 
Russak,  Christopher  V.  Jahnes 
S.  Yumoto,  N.  Ohshtma 


K.  V.  Viswanathan 


Osamu  Morita,  T  Sano,  Yasuyuki 
Imai,  Naoko  Hisayama,  Hiroshi 
Takino 


R.  P.  Erickson 


(ConUmted) 
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6174  An  aflem to*  route  to  gtont  magnetoreeistance  in  MBE-grown  Co-Cu 
aupartotocaa  (invited) 

6178  MagnaMc  protto  u  •  function  o 1  structural  disorder  in  FafCr  supariatbcaa 


6181  Tempsreturedapsndence  of  the  exchange  coupltog  to  the  Fa(00l)whiaker/ 
11  ML  Cr/20  ML  Fa  structure 

6184  Anisotropy  studies  of  AFM  coupled  MCE  grown  Co/Cu(001)  auparitolicea 

6187  “Looaa  spins*  in  F«/Cu^s<001)  structures 

6190  Intartayar  coupling  and  apln  polarization  of  the  nonmagnetic  layers  in 
FafCu  and  FWAg  CMFs 


6193  Growth  temperature  dapendance  of  biquadratic  coupling  to  FeiCr(IOO) 
aupartatdcas  studied  by  polarized  neutron  reflectivity  and  x-ray  diffraction 
(abstract) 

Symposium:  Novel  ItataRaaobad  Probes  of  Dynamical  Uagnatlam 

6194  Picosecond  puised-ftsid  probes  of  magnetic  systems  (invited) 

6199  Femtosecond  Faraday  rotation  to  spin-engineered  heterostructures 
(invited) 

6205  TKno  raiotvod  probd  mfeTOftcopy*  fovwtffotrtfrv1#  and 

of  dynamic  magnetostriction  (invited) 

6211  Magnetic  resonance  detection  and  imaging  using  force  microeoope 
technique*  (invited) 

6217  Measurement  of  thermal  switching  of  the  magnetization  of  single  domain 
particles  (invited) 

wbim  agHeW  fWBWSMonM  AMoye  wo  sovm  naienaie 

6223  Magnetic  phase  diagram  of  (Tb,  .,GdI)Fs11TI  alloys 


6226  Magnetic  phase  diagram  of  Nd(Fe,Mo),2  afloys 

6229  Magnetic  anisotropies  to  RFe,0  „Co„Moj  compounds  (fl=*Dy,  Er) 

6232  Magnetic  properties  of  NdfFe.TIJu  and  Nd(Fe,n),2N,  Mms  of  perpendicular 
texture 

6235  57Fe  Moaibauar  studies  of  NdfFSu^Mo,)  and  Nd(Fe12-jrMq,)N0.8 
(ir-1.2S  and  1.50) 

6238  Magnetic  properties  of  (Er.RJjFe,^  compounds  (R=Y,Gd) 

6241  Magnetic  properties  of  Er!Fe17_;^Ji[Ny  compounds 

6244  Etedrical  and  magnetic  studies  of  (Cu/Zn) -bonded  Sm2Fe17MxNt.  magnets 
(M-BorC) 


J.  E.  Mattson,  Eric  E.  FuHarton. 
Sudha  Kumar,  S.  R.  Las,  C.  H. 
Sowars,  M.  GnmadUch,  S.  D. 

Bader,  F.  T.  Parker 

Roy  Clarks,  Darryl  Barton,  Frank 
Tsui,  Banning  Chan,  Ckrad  Uhar 
Michael  J.  Pechan.  J.  F.  Anknar. 

C.  F.  Maprmzk,  David  M.  KsKy, 

Ivan  K.  Schuflar 

M.  From,  L  X.  Liao,  J.  F.  Cochran, 
o.  nwnncn 

K.  Brdhi,  S.  Di  Nunzio,  F.  Schraibar, 
Th.  Zakflsr,  H.  Zabai 

B.  Heinrich,  Z.  Ceknski,  L  X.  Uao. 
M.  From,  J.  F.  Cochran 

Y.  B.  Xu,  M.  Lu,  Q.  Y.  Jin,  C.  Hu. 

Y.  Z.  Miao,  Y.  Zhai,  Q.  S.  Bis,  H.  R. 
Zhai,  G.  L  Duniter,  R.  Ntek,  M. 
Ahmad 

M.  Schafer,  J.  A.  Wolf,  P.  Grunberg, 
J.  F.  Anknar,  A.  Schreyer,  H.  Zabai. 

C.  F.  Majkrzak 


M.  R.  Freeman 

J.  J.  Baumberg,  D.  D.  Awschalom, 

N.  Samarth 

G.  Nunes,  Jr.,  M.  R.  Freeman 


O.  Zuger,  D.  Roger 

M.  Lederman,  D.  R.  Fredkin,  R. 
O'Barr.  S.  Schultz.  M.  Ozaki 


L  C.  C.  M.  Nagamina,  H.  R. 
Rachanbarg,  P.  A.  Algarabel,  M.  R. 
Ibarra 

Y.  Z.  Wang,  B.  P.  Hu,  X.  L  Rao, 

G.  C.  Liu,  L  Song,  L  Yin,  W.  Y.  Lai 

Roy  Tucker,  Xie  Xu,  S.  A.  Shahsen 

D.  Wang.  D.  J.  SeUmyer,  I. 
Panagrotopouios,  D.  Niarchos 
Qi-Nian  Qi,  Bo-Ping  Hu,  J.  M.  D. 
Coay 

J.  L.  Wang,  W.  G.  Lin.  N.  Tang. 

W.  Z  U,  Y.  H.  Gao.  F.  M.  Yang 

F.  M.  Yang.  N.  Tang,  J.  L  Wang, 

X.  P.  Zhong,  R.  W.  Zhao,  W.  G.  Un 

Y.  D.  Yao,  P.  C.  Kuo.  W.  C.  Chang, 
C.  J.  Uu 


(Contnuml) 


6247  Structure  and  magnetic  properties  of  interstitial  compounds  at  tie  senes 
Dy^e,,.^  (Z-NorH) 

6260  High-ooercMty  Sm-Fe-Ga-C  compounds  with  ThjZn,,  atructure  by  matt 
spinning 

6253  A  naval  hard  magnetic  material  for  sintering  permanent  magnets 


6256  Bed  of  Sm  substitution  on  studure  and  magnetic  properties  of 
high-carbon  Er2Fe,7C>,  compounds 

6256  Structure  and  magnetic  propcrllea  of  QdgFetr.xQa,,^  compounds 


6262  EHect  of  cobalt  substitution  on  magnetic  properties  of  R^e,,  sttddes 
(R=Y,  Qd,  Tb,  £r,  and  Tm) 

6265  A  contribution  to  the  knowledge  of  phase  equilibria  and  the  magnetic 
properties  of  tie  Nd-Fe-B-X  systems  (X=AI,Co,V) 

6266  Imiasttgallnns  of  magnetic  propartlae  and  mtaoetrudure  of  SOCeddymium- 

Fe-  B  based  magnets 

6271  Inveeagadon  of  interaction  mechwiisme  in  meil-duendied  NdFeB 

6274  Crystal  structure  and  tow-temperature  magnetic  properties  of  melt-spun 
Sm^COrS,  compounds 

6277  Saturation  magnetization  and  anisotropy  fields  in  the  Sm(Co,  _,Cu,)5 

phnn 

6260  SmCo  (2: 17-type)  magnets  with  high  contents  of  Fe  and  light  rare  earths 
6283  Effect  of  Dy  substitution  on  the  magnetocrystailine  anisotropy  of  GdCo4B 
6266  Permanent  magnet  Wm  magneto-optic  waveguide  isolator 


6289  Investigation  of  Pr-Fe-B  magnets  with  high  performance  (abstract) 

6288  In  silu  and  dynamic  observation  of  NdFaCoB  magnet  by  high  voltage 
transmission  electron  microscope  (abstract) 

Magnetic  Ordering  end  Magnetic  Structure 

6290  Influence  of  electron  damping  and  reservoir  on  the  magnetic  phase 
diagram  of  chromium  alloys 


6293  Spin  fluctuation  affect  In  the  ordered  Fe?N  aSoy 

6296  laoelectronic  early  n-d  impurities  in  Fs:  Magnetic  and  hyperflne  field 
propertiae 

6296  Electronic  structure  and  the  Stoner  /  parameter  for  flPdj  compounds 
(W=La,  Ce,  Pr,  and  Nd) 

6301  Band  atructure  calcuMIcns  of  heavy  fermion  YbSbPd  and  YbSbNi 
6303  Electronic  structure  and  Curie  temperature  of  YFe12_,Mo,Ny  compounds 


6306  The  percolation  limit  for  the  disappearance  of  ferromagnetism  in  melt 
spun  Co-B-C  amorphous  afloys 

6309  High- field  magnetization  behavior  in  random  anisotropy  amorphous  Co-Er 
afloys 


J.  P.  Liu.  0.  C.  Zang.  N.  Twig. 

A  J.  M.  WMaknan.  F  R.  da  Boar. 

K.  H.  J.  Buachow 

Un-Shu  Kong,  Bao-gan  Shan. 

Fang  wai  Wwtg,  Lai  Cao.  Hunjun 
Quo.  Tal-shan  Ning 

Bao-gan  Shan,  Fang-wei  Wang, 
Lin-ahu  Kong,  Lai  Cao,  Wan-ahan 
Zhan 

Bao-gen  Shan,  Lai  Cao,  Lin-ahu 
Kong,  Tat-sh*n  Ring,  Ming  Hu 

Bao-gen  Shan,  Fang-wei  Wang, 
Lin-ahu  Kong,  Lai  Cao,  Bo  Znung, 
Jian-gao  Zhao 

F.  Pourarian,  R.  T.  Obermyer,  S.  G. 
Sankar 

Anders  Micaki,  Bjorn  Uhrenius 


S.  X  Zhou.  Y.  Q.  Wang,  R.  Merer 


L  Folks,  R.  Street,  R.  Woodward 
C.  J.  Yang,  W.  Y.  Lae.  S.  0  Choi 


E.  Leotard,  C.  H.  ANbert,  R.  Baflou 


M.  Q.  Huang,  Y.  Zheng,  W  E. 
Wallace 

T.  Ito,  H.  Asano.  H.  Ido,  G.  tOdo 

M.  Levy.  R.  Scarmozzino,  R.  M. 
Osgood.  Jr..  R.  Wolfe,  F.  J.  Cadieu, 
H.  Hedge,  C.  J.  Gutierrez,  G  A. 
Prinz 

F.  Z.  Lian,  F.  Pourarian,  S.  Sknizu, 
S.  G.  Sankar,  W.  E.  WaHance 

Pan  Shuming,  Uu  Jinfang,  Xu 
Ymfan 


R.  S.  Fishman,  S.  H.  Uu 


Guan-mian  Chan,  Ming-xi  Lin, 
Ji-wu  Ling 

N.  A.  de  Oliveira,  A.  A.  Gomes,  A. 
Traper 

T.  Hautryal.  A.  Kashyap,  S.  Auluck. 
M.  S.  S.  Brooks 
A.  K.  Soianki,  Art  Kashyap.  S. 
Auluck,  M.  S.  S.  Brooks 

A.  S.  Fernando,  J.  P.  Woods,  S.  S. 
Jaswal,  0.  Wekpitiya,  B  M. 
Patterson,  D.  J.  SeKmyer 

G.  K.  Htoolaides,  A.  Inoua,  K.  V. 
Rao 

H.  Lassri,  L  Driouch,  R.  Krishnan 


(Continued) 


8312  Magnetic  properties  and  crystaUtzabon  at  amorphous  Fe-Nd-B  alloys  at 
consnnt  ng  concarartaon 

6315  Influence  of  applied  torsion  on  the  bistable  behavior  of  CoSiB  amorphous 


wire 

8318  Details  of  the  msgnebe  phase  diagram  of  hoimium  from  neutron  diffraction 
in  b -axis  fields 

8321  Critical  magnetic  neutron  scattering  above  7*  in  0+0  .18  at  .  %  Re 
(abstract) 


8321  Fhctoinduced  dtoaeeommodMion  of  magnetic  permeability  in  yttrium  iron 
gemet  (abstract) 

High  T,  Superconductivity:  experiment  end  Theory 

6322  Unidirectional  pinning  in  irratfiatsd  BijSrjCaCujO,  (invited) 

8328  Unusual  tianaport  and  magnetic  properties  of  Tb-doped  YBajCujO,  single 
crystale  and  epitaxial  thin  films 

6331  Magnetic  order  of  Pr  ions  in  related  perervskite-type  Pr123  compounds 


6334  Collective  magnetic  excitations  erf  Ho3*  ions  in  grain-aligned  HoBagCujO? 


6337  Combined  electronic-nuclear  magnetic  ordering  of  (he  Ho3*  ions  and 
magnetic  stacking  faults  in  HoBc^CujO,  (x- 7.0, 6.8, 6.3) 

8340  Raman  spectra  of  two-dimensional  spin-J  Heisenberg  antiferromagnets 


6343  Vortex  flux  creep  and  magnetic  hysteresis  in  a  type-ll  superconductor 
(abstract) 

6343  Interactions  with  the  Dy3*  sublattice  observed  in  high  resistance  uftrathin 
DyBajCujOj  ,  films  (abstract) 

6344  Probing  of  the  pairing  state  of  HTSCs  utilizing  a-b  plane  magnetization 
anisotropy  (abstract) 


6345  Theory  of  two-dimensional  antiferromagnets  with  a  needy  critical  ground 
state  (abstract) 

MflondOHiptics 

6346  Electronic  structure  and  magneto-optical  properties  of  MnBi  and  MnBiAl 

6348  Low-temperature  characterization  of  the  magnetic  properties  of  MnBiAl 
thin  films 

6351  The  functions  of  Al  in  MnBIAISi  magneto-optical  films 


6354  Magnetic  and  magneto-optical  properties  of  Mn^Ge,  _,MX)3  alloys  with 
M=Sn.  Pb 

6357  Magnetic  and  optical  characteristics  of  bflayersd  films  composed  of 
Tb-Fe-Co  layer  with  overlayers  of  Co-Cr,  Nl-Fe,  Ta,  and  C 
6380  Change  of  magneto-optical  Kerr  rotation  due  to  interlayer  thickness  in 
magnetically  coupled  flima  with  noble-metal  wedge 
6363  Chemical  modification  of  magneto-optic  garnet  film  properties 


6366  Circular  magnetic  x-ray  dichroism  in  rare-earth  magnets 


6368  Resonant  photoemission  and  magnetic  x-ray  circular  dichroism  in  the  M 
ahel  of  ultrathin  films  of  Fe 


(Continued) 


Boo-gen  Shen,  Un-yuan  Yang, 
Hut-gun  Guo,  Jian-goo  Zhao 

J.  M.  Blanco,  P.  Aragoneses,  E. 
Irurista,  J.  Gonzalez.  K.  Kiiakowaki 
0.  A.  Tindall,  C.  P.  Adams,  M.  O. 
Stemitz,  T.  M.  Holden 

D.  R.  Noakas,  E.  Fawcett.  B.  J. 
Stemlieb,  G.  Shirane.  J.  Jankowska 


I.  Matsubara,  K.  Hisatake,  K. 
Maeda 


L  Klein,  E.  R.  Yacoby,  A  Tsamsrat, 
Y.  Yeahurun,  K.  Ktehio 

G.  Cao,  J.  W.  O’Reilly.  J.  E.  Crow. 
R.  J.  Kennedy.  D.  H.  Nichols 

M.  GuMaume.  P.  Fischer,  B. 

Roessii,  A.  Podlesnyak,  J.  Scheter, 
A.  Furrer 

U.  Staub,  F.  Fauth,  M.  Guillaume. 

J.  Mesot,  A.  Furrer,  P.  Dosanjh,  H. 
Zhou,  P.  Vorderwtsch 

8.  Roessii.  P.  Fischer.  U.  Staub.  M. 
ZoMkar,  A.  Furrer 

Stephan  Haas.  Elbio  Dagotto,  Jose 
Riera,  Roberto  Merlin,  Franco  Non 

M.  K.  Hasan.  S.  J.  Park.  J.  S. 
Kouvei 

K.  M.  Beauchamp,  G.  C.  Spalding, 
W.  H.  Huber,  A.  M.  Goldman 

J.  Buan,  N.  E.  Israeloff.  C.  C. 
Huang.  A.  M.  Goldman,  J.  Z.  Uu, 

R.  N.  Shelton 

Audrey  V.  Chubukov,  Subir  Sachdev 


S.  S.  Jaswal,  J.  X.  Shen,  R.  D. 
Kirby,  D.  J.  Sellmyer 

K.  W.  Wierman.  J.  X.  Shen,  R.  D. 
Kirby,  D.  J.  Sellmyer 

D.  Huang,  X.  W.  Zhang,  C.  P.  Luo. 
H.  S.  Yang,  Y.  J.  Wang 

Y.  Zhang,  A.  P.  Runge,  Z.  S.  Shan, 
D.  J.  Sellmyer 

IQbong  Song,  Masahiko  Naoe 


T.  Katayama,  Y.  Suzuki.  M.  Hayashi, 
W.Geerts 

Roger  F.  Belt,  John  B.  logs, 
Jonathan  B.  Whtbock 
Xindong  Wang,  V.  P.  Antropov, 

B.  N.  Harmon,  J.  C.  Lang,  A  I. 
Goldman 

J.  G.  Tobin,  G.  D.  WaddM 


6372  Moiecuisr -orbital  analysis  of  magneto-opticat  Bi-O-Fe  hybrid  excited  states  Gerald  F.  Dionne,  Gary  A.  Alien 

6375  A  new  Faraday  rotation  glass  with  a  large  Wsrdet  constant  Sui  hua  Yuan,  Xiao  Zhou  Shu 

6378  Experimental  investigation  of  the  magnetic  circular  dichroism  sum  rules  C.  T.  Chen,  Y.  U.  Idzerda,  H.-J  Lin, 

(abstract)  G.  Meigs,  G.  Ho.  N.  V.  Smith 

MBQMttc  nrocrinq  Hudi:  Mstartels,  Stmctum,  tnd  Mcronn^nittei 

6378  Lineality  and  hysteresis  in  the  magnetoresistive  response  of  (NiFe.NiFeCo)/  K.  Noguchi,  S.  Araki,  T.  Chou,  0. 

Cu  and  CtVCu/NiFe  multilayers  In  patterned  stripes  Miyauchi,  Y.  Honda,  A.  Kampna. 

0.  Shinoura,  Y.  Narumiya 

6382  Mlcrostructural  origin  of  giant  magnetoresistance  in  a  new  sensor  structure  M.  A  Parker,  T.  L  Hylton,  K.  R 

baaed  on  NiFe/Ag  discontinuous  multilayer  thin  films  Coffey,  J.  K.  Howard 

6385  Micromagnetics  of  GMR  spin-valve  heads  Samuel  W.  Yuan,  H.  Neal  Bertram 

6388  Micromagnetic  study  of  narrow  track  orthogonal  giant  magnetoresistive  Yimin  Guo,  Jian-Gang  Zhu 

heads 


6381  Dynamic  domain  instability  and  popcorn  noise  in  thin-film  heads 

6384  Dynamic  response  of  domain  walls  on  the  air-bearing  surface  of  thin-film 
heads 

6387  Omega  head— an  experimental  120- turn  inductive  head 


6400  Local  magnetoresistance  and  point-source  excitation  of  Ni-Fe  thin  films 
(abstract) 

6400  Sensitivity  distribution  asymmetries  in  magnetoresistive  heads  with 
domain  control  films  (abstract) 


F.  H.  Uu,  M.  H.  Kryder 

X.  Shi,  F,  H.  Uu,  Yuet  U,  M.  H. 
Kryder 

D.  D.  Tang,  R.  E.  Lee,  J.  L.  Su,  F. 
Chu,  J.  Lo,  H.  Santini,  L  Lane,  N. 
Robertson,  M.  Ponce,  P.  Cisneroz, 

G.  GuthmHIer 

R.  W.  Cross.  A  B.  Kos 


N.  Koyama.  C.  Ishikawa,  Y.  Suzuki, 
H.  Aoi,  K.  Yoshida 


Anisotropy  of  FHme  and  Intarfacas 

6401  Overlayer-induced  perpendicular  anisotropy  in  ultrathin  Co  films  (invited)  Brad  N.  Engel,  Michael  H. 

Wiedmann,  Charles  M.  Falco 

6406  Interfacial  anisotropy  and  magnetic  transition  of  cobalt  films  on  Cu(111)  F.  Huang,  G.  J.  Mankey,  R.  F.  Willis 


6409  Local  spin-density  theory  of  interface  and  surface  magnetocrystalline 
anisotropy:  Pd/Co/Pd(001)  and  Cu/Co/Cu(001)  sandwiches 

6412  Perpendicular  magnetic  anisotropy  in  Co,Pd,  alloy  films  grown  by 
molecular  beam  epitaxy 


6415  In  situ  measurement  of  stress  and  surface  morphology  for  Co/Pd  multilayer 
films  fabricated  by  rf  sputtering 

6418  Temperature-dependent  interface  magnetism  and  magnetization  reversal 
in  Co/Pt  multilayers 

6421  Structural  and  magnetic  properties  of  Co/Cr(001 )  superlattices 


6424  Orientational  and  structural  dependence  of  magnetic  anisotropy  of 
Cu/Ni/Cu  sandwiches:  Misfit  interface  anisotropy 


6427  Magnetic  anisotropy  in  ultrathin  films  grown  on  vicinal  surfaces  (abstract) 

6428  Theoretical  predictions  for  magnetic  anisotropy  of  supertattice  defects 
(abstract) 

8429  Magnetoelastic  coefficients  at  tetragonal  surfaces  (abstract) 

6430  Magnetic  anisotropy  in  epitaxial  Ni/Cu(001)  thin  films:  Effects  of  misfit 
strain  on  perpendicular  magnetic  anisotropy  (abstract) 


Ding-sheng  Wang,  Ruqian  Wu, 

A  J.  Freeman 

J.  R.  Childress,  J.  L  Duvail,  S. 
Jasmin,  A  Barthetemy,  A  Fort,  A 
Schuht,  O.  Durand.  P.  Gather 

H.  Takeshita,  K.  Hatton,  Y.  Fujiwara, 

K.  Nakagawa,  A.  Itoh 

Z.  S.  Shan,  J.  X.  Shen,  R.  D.  Kirby, 
D.  J.  Seitmyer,  Y.  J.  Wang 

W.  Dormer,  T.  Zeidter,  F.  Schreiber, 
N.  Metoki,  H.  Zabei 
R.  Jungbiut,  M.  T.  Johnson,  J.  aan 
de  Stegge,  A  Reinders,  F  J.  A. 
den  Breeder 

D.  S.  Chuang,  C.  A  Ballentine, 

R.  C.  O'Handley 

R.  H.  Victora,  J.  M.  MacLaren 


Oh  Sung  Song,  C.  A  Ballentine. 
R.  C.  O'Handley 
G.  Bochi,  C.  A  Balentine,  H.  E. 
inglefietd,  S.  S.  Bogomolov,  C.  V. 
Thompson,  R,  C.  O'Handley 


(Continued) 


InMiywd  EMtlMjc 


6431  Spm-wave  study  of  the  magnetic  excitations  in  a  layered  structure  with 
bWnear  and  biquadratic  interlayer  exchange 

6434  Temperature  dependence  of  interlayer  exchange  coupling  in  Co/Ru/Co 
tritayer  structures 

6437  Oedtatory  exchange  coupling  in  Fe/Au/Fe(100) 


6440  Oectaadon  of  the  interlayer  coupling  in  Co/Au(111)/Co 


6443  Theory  of  Brttouin  light  scattering  from  dipole-exchange  spin  waves  in 
magnetic  double  layers  with  interlayer  exchange  coupling 

6446  Self-stabilization  of  domain  walls  in  antiferromagneticaHy  coupled 
muitilsyerad  magnetic  Dims 

6449  Short  period  oscillation  of  die  interlayer  exchange  coupling  in  sputtered 
Co-Re  superiatbces 

6452  Hot  electron  spin-valve  effect  in  coupled  magnetic  layers 


6455  Magnetothermopower  of  Co/Cu,  _„Ni,  multilayers 


6458  High-field  polar  MOKE  magnetometry  as  a  probe  of  interlayer  exchange 
coupling  in  MBE-grown  Co/Cu/Co(111)  and  Fa/Cr/Fe(001 )  wedged 
trilayers 

6461  Orientationally  independent  antiferromagnetic  coupling  in  epitaxial  Fe/Cr 
(211)  and  (100)  superlattices 


6464  Oscillatory  interlayer  coupling  through  (111)  oriented  noble  metal  spacers 


6467  Ab  initio  study  of  the  interlayer  magnetic  couplings  in  Fe/Pd(001) 
superlattices  and  of  the  polarization  induced  in  the  Fe  and  Pd  layers 

6470  Induced  spin  polarization  on  Fe/nonmagnetic  metal  interfaces 

6473  The  temperature  dependence  of  the  bilinear  and  biquadratic  exchange 
coupling  in  Fe/Cu,  Ag/Fe(001)  structures  (abstract) 

6474  Exchange  coupling  through  ferromagnetic  bridges  in  magnetic  multilayers 
(abstract) 

6475  Exchange  coupling  between  ferromagnetic  layers:  Effect  of  quantum  well 
states  (abstract) 

6476  Ferromagnetic  resonance  studies  of  Py  bi  layers  for  the  system 
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Magnetic  MultHayers 

6477  Exchange  coupling  in  [Dy|Er)  metallic  superlattices 

6480  Spin-valve  structures  exchange  biased  with  a-Tbo.23COo.77  layers 
6483  ,5,Eu  Mossbauer  study  on  Fe/Eu  multilayers 
6466  Phase  transitions  in  coupled  double-layer  systems 

6489  Comparison  of  the  electron-spin-resonance  Hnewidth  In  multilayered 
CuMn  spin  glasses  with  Imitating  versus  conducting  interlayers 
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C.  N.  Hoff,  J.  A  Cowen,  A  Gavrin, 
C.-LChien 


(Continued) 


6492 

Anisotropy  studies  of  motecular-beam-epitaxy -grown  Co(111)  thin  films  by 
ferromagnetic  resonance 

F  Schretoer,  A.  Soliman,  P 
Bodeker,  R.  Meckenstock,  K.  Brohl, 
J.  Petzl,  1.  A.  Garifullin 

6495 

Magnetic  and  magneto-optic  properties  of  sputtered  Co/Ni  multilayers 

Y.  B.  Zhang,  P.  He,  J.  A.  WooUam, 
J.  X.  Shen.  R.  0.  Kirby,  D.  J. 
SeNmyer 

6496 

Spatial  modulation  of  the  magnetic  moment  in  Co/Pd  supertattices 
observed  by  polarized  neutron  reflectivity 

J.  A.  Borchers,  J.  F  Ankner,  C.  F. 
Majkrzak,  B.  N.  Engel,  M.  H. 
Wledmann,  R.  A  Van  Leeuwen, 
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6601 

Electron-energy-loss  spectroscopy  of  Fe  thin  films  on  GaAs(OOI) 

J.  Yuan,  E.  Gu,  M.  Geeter,  J.  A  C. 
Bland,  L.  M.  Brown 

6504 

Effect  of  interface  on  the  properties  of  TVNiFe  thin  films 

Shuxiang  Li,  Mtngtang  Yan, 
Chengtao  Yu,  Wuyan  Lai 

6507 

Magnetization  reversal  in  compositionalty  modulated  Tb/Fe  multilayers 
(abstract) 

Roger  D.  Kirby,  J.  X.  Shen.  D.  J. 
Seimyer 

6507 

Remanence  and  coercrvity  In  exchange  coupled  amorphous  R-TM/Fe 
bilayers  and  multilayers  (abstract) 

Hong  Wan,  A  Tsoukatos,  G.  C. 
Hadjipanayis 

6508 

6508 

Paramagnettaferromagnetic  transition  of  Co/Cu(001)  films  during  growth 
(abstract) 

PhotothermaHy  modulated  ferromagnetic  resonance  investigations  of 
epitaxially  grown  thin  films  (abstract) 

F.  0.  Schumann,  M.  E.  Buckley. 

J.  A  C.  Bland 

R.  Meckenstock,  F.  Schreiber,  O. 
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6509  Structural  and  magnetic  characteristics  of  Co,,01#/Al  multilayers  deposited 
by  plasma-free  sputtering  with  Kr  gas  (abstract) 
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Effects  of  exchange  bond  disorder  on  transport  measurements 

P.  A  Stamps,  H.  Ma.  H.  P.  Kunkel, 
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Electrical  resistivity  and  local  magnetic  order  in  random  anisotropy 
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In  situ  magnetic  and  structural  analysis  of  epitaxial  NI^Fe^  thin  films  for 
spin-valve  heterostructures 
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Magnetic  and  magnetoresistive  properties  of  Inhomogeneous  magnetic 
dual-layer  films 
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Comparison  of  giant  magnetoresistance  In  multilayer  systems  and 
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Preparation  of  Ni-Fe/Gu  multilayers  with  low  coerdvity  and  GMR  effect  by 
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Effect  of  annealing  on  the  giant  magnetoresistance  of  sputtered  Co/Cu 
multilayers 
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Huai,  Ming  Mao,  X.  Bian,  W  B. 
Muir 

6537 

Magnetoresistance  and  exchange  effects  of  NICo/Cu  sandwich  films  with 
oxide  overlayer 

T.  R,  McGuire,  T.  S.  Plaskett 

6540 

Effect  of  oxygen  incorporation  on  magnetoresistance  in  Co/Cu  multilayers 
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Giant  magnetoresistance  in  eiectrodeposited  Co-Ni-Cu/Cu  supertattices 
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6546  Giant  magnetorestatance  in  melt-spun  Cu87Co13 

6546  Temperature  effect  on  magnetoresistance  in  Co/Ru  sandwiches 

6551  Magnetothermopower  in  antrferromagneticaliy  coupled  Co-Re  superlattices 

6554  Structural  and  magnetotransport  properties  of  Co/Re  superlattices 

6557  Magnetic  properties  of  an  Fe/Cu  granular  multilayer 

6560  Structural  and  magnetoresistance  studies  in  granular 

(Ni^Fetg.NigoCoajVAg  synthesized  from  annealed  multilayers 

6563  Giant  ac  magnetoresistance  in  the  soft  ferromagnet  Co70  4t-e4  6Silsd10 

6566  On  the  resistivity  minimum  in  amorphous  metallic  spin-glasses  (abstract) 

6567  Dependence  of  the  anisotropic  magnetoresistance  on  aspect  ratio  in 
cobalt  films  (abstract) 

6567  Nonoscillatory  behavior  in  the  magnetoresistance  of  Cu/Ni  superlattice 
(abstract) 

Magnetic  Alloys  and  Compounds 

6568  Preparation  and  magnetic  properties  of  Mn4N  films  by  reactive  facing 
targets  sputtering 

6571  Magnetovolume  effects  in  strong  par amag nets 
6574  Synthesis  and  characterization  of  Fe,aN2  in  bulk  form 

6577  Magnetic  properties  of  FeRhP.  Influence  of  metallic  clusters  on 
ferromagnetism 

6580  Magnetism  in  metastable  bcc  and  fee  iron-copper  alloys 
6583  On  spin-canting  in  maghemite  particles 
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6592  Magnetic  properties  of  Dy-Lu  alloys 

6595  Magnetic  ordering  and  electric  polarizability  of  Zn-doped  LajCu04+8 
single  crystals 

6598  Two-dimensional  magnetic  order  in  PbjSfjTbCujOj 

6601  Structure  of  the  modulated  magnetic  phase  of  MrijSn  (abstract) 
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6603  Neutron  detraction  study  of  the  magnetic  ordering  of  BaCu02+x  (abstract) 

Granular  Film# 

6604  Magnetic  properties  of  metallic  Co-  and  Fe- based  granular  alloys 

6607  Magnetic  and  ferromagnetic  resonance  studies  in  Co-Cu  composite  films 

6610  Structure  and  magnetism  of  heat-treated  nanocrystalline  Cu^Co^ 
powders  prepared  via  chemical  means 

6613  Relaxation  measurements  and  particle  size  determination  in  Co-Ag 
heterogeneous  alloy  films 

6616  Studies  of  magnetic  interactions  between  Gd  granules  in  copper  matrix 

6619  Magnetic  reversal  in  small  structures 

6622  Exchange  interactions  among  ferromagnetic  clusters  in  Cu-Co 
heterogeneous  alloy  films  (abstract) 

6622  Ferromagnetic  resonance  studies  of  granular  materials  (abstract) 

6623  Magnetic  properties  of  cobalt  clusters  deposited  on  MgO  substrates  by 
molecular  beam  epitaxy  (abstract) 

6623  Particle  interactions  in  granular  Co  films  (abstract) 

6624  Investigation  oi  the  microstructure  of  granular  Ag-Fe  and  Ag-Co  thin  films 
by  TEM  and  STEM  (abstract) 

Hard  Magnets  II:  2-14-1  and  Other  Hard  Magnets 

6625  Resonant  ultrasound  measurements  of  elastic  constants  in  melt-spun 
R2Fe14B  compounds  (R=Ce,  Pr,  Nd,  Er) 

6628  Comparison  of  the  improvement  of  thermal  stability  of  NdFeB  sintered 
magnets:  Intrinsic  and/or  microstructural 

6631  Mechanical  properties  of  hot-rolled  Pr-Fe-B-Cu  magnets 

6634  Magnetocaloric  dependence  of  magnetic  viscosity  measurements  in 
NdFeB 

6637  Die-upset  PrCo5-type  magnets:  Enhanced  coerchrities 

6640  Nonepitaxial  sputter  synthesis  of  aligned  strontium  hexaferrite, 
Sr0-6(Fe203),  films 

6643  Order-disorder  and  magnetic  exchange  interactions  in  substituted  strontium 
hexaferrite  SrA,Fe12_x019(A=Ga,  In) 

6646  Enhanced  remanence  in  isotropic  Fe-rich  melt-spun  Nd-Fe-B  ribbons 

6649  Mechanically  alloyed  nanocomposite  magnets 

6652  Microstructure  of  high-remanence  Nd-Fe-B  alloys  with  iow-rare-earth 
content 

6655  Magnetic  properties  of  sintered  Alnico  5  magnet  via  rapid  solidification 
technology 

6658  Effect  of  additives  on  thermal  stability  of  Nd-Fe-B  bonded  magnets 
(abstract) 
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Eric  Lactam,  Claire  Maury, 
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Exchange  Biasing  and  Otddaa 

6658  OriantaMonal  dependence  of  tha  exchange  biasing  In 

nxitacular-baam-apttaxy-grown  N^sa^e^H^,  Mayan  (Invited) 

6666  Magnetic  prapariiaa  of  epitaxial  MnAi/NIAI  magnetic  muMayara  grown  on 
GaAs  heteroatracturea  (Invited) 


6670  Magneto-optical  and  abucturai  prapariiaa  of  BtAOyKVFe  muMayara 


6673  Inverted  hysteresis  in  magnetic  systems  with  interface  exchange 

6676  Magnetic  and  structural  properties  of  Co/CoO  Mayers 

6679  Resistivity  anomaly  in  nonmagnetic  metals  with  ferromagnetic  Insulator 
proximity  layers 

6682  Complex  magnetization  processes  of  exchange  coupled  Wlayers 

6685  Magnetic  properties  of  antltenomagnetic  superiatUcea 

6688  Magnetic  and  crystallographic  properties  of  molecular  beam  epitaxially 
grown  Fa,CVNiO  superiattices  and  F83O4  lima 

6691  Studies  of  the  Verwey  transition  in  FejOt/MO  superiattices  by  SQUID 
magnetometry  and  neutron  diffraction  techniques  (abstract) 


6682  Magnetic  structure  determination  for  FejfVNIO  superiattices  by  neutron 
diffraction  techniques  (abstract) 
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Symposium:  Perpendicular  Transport  In  Layered  Structure# 

6693  Perpendicular  magnetoresistance  in  magnetic  multilayers:  Theoretical 
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6699  How  to  Isolate  effects  of  spin-flip  scattering  on  giant  magnetoresistance  in 
magnetic  multilayers  (invited) 


6704  Scattering  theory  of  perpendicular  transport  in  metallic  multilayers  (invited) 


6709  Perpendicular  giant  magnetoresistance  of  microstructures  in  Fe/Cr  and 
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Albert  Fart,  Thierry  Valet,  Jozef 
Bamas 

J.  Bass,  Q.  Yang,  S.  F.  Lae,  P. 
Hoiody,  R.  Loloee,  P.  A  Schroeder, 
W.  P.  Pratt,  Jr. 

Gerdt  E.  W.  Bauer,  Ame  Brataas, 
Kees  M.  Schep,  Paul  J.  Kelly 

M.  A  M.  Gijs,  J.  B.  Giesbere,  M.  T. 
Johnson,  J.  B.  F.  aan  de  Stegge, 

H.  H.  J.  M.  Janssen,  S.  K.  J. 
Lenczowskf,  R.  J.  M.  van  de 
Vaerdonk,  W.  J.  M.  de  Jonge 
Mark  Johnson 


High  Tc  Superconductivity:  Experiment  and  Theory 

6720  Transport  and  magnetic  properties  of  potycrystalline  Sm2-<Ce,Cu04_y 

6723  Relationship  between  weak  ferromagnetism,  superconductivity,  and  lattice 
parameter  in  the  Az-,_yBxCeyCuOt  (4,B- La,  Pr,  Nd,  Sm,  Eu,  Gd,  Y) 
compounds 


6726  Alkali  metals  Impurities  influence  on  the  magnetic  and  electrical  properties 
of  YBCO 
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C.  Maley,  T.  Beacom,  P.  Tlnkienberg, 
J.  Gross,  C.  Saylor,  S.  Oseroff,  Z. 
Fisk,  S.-W.  Cheong,  T.  E.  Jones 
I.  Nedkov,  A.  Veneva 


(Continued) 


8729 

Kinematical  pairing  and  magnetism  in  layered  systems 

VWeryA.  Ivanov.  Michail  Ye 
Zhuravlev,  Pavel  B.  Z’ubtn 

6731 

Ground- slate  properties  and  excitations  of  an  integrate  one-dimensional 
model  with  4-tunctton  Interaction  involving  several  bands 

P.  Schlottmann 

6734 

Two-bend  model  (or  Kondo  insulators:  Thermodynamic  and  scaling 
properties 

M.  A.  Continentino,  Q.  M.  Japiassu, 
A.  Troper 

6737 

Local  magnetic  moments  and  intermediate  valence  state  of  cerium 

Impurities  in  ferromagnetic  rare-earth  metals 

C.  E.  Leal,  A  Troper 

6740 

Thermoelectric  power  studies  of  a  Nd,  a2-«Sr,Ce0  ,aCuO,  superconducting 
system  (abstract) 

Okram  G.  Singh,  B.  D.  Padatia. 

Om  Prakash,  V.  N.  Moorthy, 

Anant  V.  Nariikar 

6740 

The  magnetic  and  superconducting  properties  of  Pt>jSr2(FVCa)CuaOB, 

R=Pr,  Ce,  and  Cm  (abstract) 

J.  Simon  Xue,  C.  W.  Williams,  L. 
Soderholm 

6741 

87Fe  and  ”“Sn  Mossbauer  studies  on  La^NdosSr,)  15Cu04:  Evidence  for 
local  magnetic  ordering  below  =>32  K  (abstract) 

M.  Breuer,  B.  Buchner,  H.  Micklitz, 
E.  Baggio-Saitovitch,  1.  Souza 
Azevedo,  R.  B.  Scorzetli,  M.  M. 
Abd-Elmeguid 

6741 

Peculiarities  of  inelastic  neutron  scattering  on  magnorts  in  high- 7",. 
materials  of  stoichiometrical  composition  Nd2Cu04,  La2Cu04,  and 

YBajCujOe  (abstract) 

Yu,  Pashkevich,  M.  Larionov 

6742 

The  sign  reversal  of  the  acoustoelectric  effect  in  anisotropic 
superconductors  (abstract) 

A.  V.  Gottsev 

6743 

Four-spin  exchange  In  BijCuC^  (abstract) 

G,  Petrakovskii,  V,  Val  kov,  K. 
Sablina,  B.  Fedoseev,  A.  Furrer,  B. 
Roessli,  P.  Fischer 

6744 

Antiferromagnetic  spin  correlation  suppression  and  superconducting 
characteristics  improvement  in  YBagCujOg*  a  films  under  light  illumination 
(abstract) 

V.  Eremenko,  V.  Fomin,  1.  Kachur, 

V.  Piryatinskaya,  O.  Prikhod’ko 

6744 

ac  susceptibility  of  PbxBi2_xSr2Ca2Cu3O,0  high  Tc  superconductors 
sintered  for  different  durations  (abstract) 

S.  C.  Mathur,  D.  C.  Dube,  Urvija 
Sinha,  P.  K.  N.  Raghavan 

6745 

Spin  magnetic  moment  of  conduction  quasipartide  (abstract) 

Vladimir  L  Safonov 

6745 

Restoration  of  the  continuous  phase  transition  in  the  vortex  state  due  to 
the  lattice  translational  symmetry:  Large-N  limit  (abstract) 

Boris  N.  Shalaev,  Sergey  A. 

Ktitorov 

6746 

Damping  of  spin  waves  in  a  square-lattice  quantum  antiferromagnet  due 
to  spin-phonon  interaction  (abstract) 

Dirk  U we  Saenger 

6746 

The  superconducting  transition  temperature  of  layered  S, 
superconductors  (abstract) 

Valery  A.  Cherenkov 

6747 

Magnetism  and  superconductivity  in  heavy-fermion  compounds  (abstract) 

A.  V.  Goltsev 

Magneto-optic  and  Other  Magnetic  Properties 

6748 

Magnetic  properties  of  an  isolated  ferromagnetic  bond  embedded  in 
Heisenberg  antiferromagnets 

S.  T.  Ting,  S.  Haas,  J.  E.  Crow 

6751 

Spin  diffusion  in  classical  Heisenberg  magnets  with  uniform,  alternating, 
and  random  exchange 

Niraj  Srivastava,  Jian-Min  Liu,  V.  S. 
Viswanath,  Gerhard  Muller 

6754 

Theoretical  study  of  magnetostriction  in  FeTaN  thin  films 

James  C.  Cates,  Chester  Alexander, 
Jr. 

6757 

Dependence  of  the  magnetic  properties  Gd2-*Ce„Cu04,  Os*  so.  15,  on 
their  particle  size 

J.  Mahia,  C.  Vazquez- Vazquez,  J. 
Mira,  M.  A.  Lbpez-Quintela,  J. 

Rivas,  T.  E.  Jones,  S.  B.  Oseroff 

6760 

Magnetic  properties  of  materials  in  the  Ca0-Pz0s-Fez03  system 

Binod  Kumar,  Christina  H.  Chen 

6763 

Magnetic  properties  of  Y3_J(_>,Pr„Lu>,Fe50,2  garnet  films 

A.  Azevedo,  C.  Cinbis,  M.  H. 

Kryder 

6766 

Magnetic  properties  of  amorphous  Cr-Fe  alloys  prepared  by  thermal 
evaporation  and  mechanical  milling 

S.  K,  Xia,  E.  Baggio-Saitovitch,  C. 
Larica,  B.  V.  B.  Sarktssian,  S.  F. 
Cunha,  J.  L  Thotence 

(Continued) 


6768  Magnetostriction  in  RE -Co  amorphous  aHoy  films  (abstract) 

6768  A  model  tor  the  Barkhausen  noise  power  as  a  function  of  applied  flak)  and 
stress  (abstract) 

Rtconflrtg  Hud  md  System  Modsttng  and  Plmxjiimn 

6770  The  sheets  of  closure  domains  on  flux  conduction  In  thin  Nm  recording 

head 

6773  Eflsct  of  recorded  transition  shape  on  spatial  noise  distributions  and 
correlations 

6776  Mean  Interaction  field  In  magnetic  recording  media 

6778  Micromagnatic  studies  of  medium  noise  mechanisms 

6782  Improving  ferrite  MIQ  head  read-back  distortions  caused  by  domain  walls 
raid  granularity  (abstract) 

Magneto-optics 

6783  MO  polar  Ken  studies  of  Co  rich  molecular  beam  epitaxy  grown  Au/Co 
multilayers 

6786  Magneto-optical  properties  and  magnetization  processes  In  supertattices 

6788  The  magnetic  and  magneto-optical  properties  of  Co,  Cr,  Mn,  and  Nl 
substituted  barium  ferrite  films 

6782  Anisotropy  of  the  magnetic  and  magnetooptic  properties  of  HolG:AI  single 
crystals  (tow  and  high  magnetic  field) 

6795  Measurement  of  the  Faraday  effect  of  garnet  film  in  alternating  magnetic 
fields 

6798  An  investigation  on  the  magneto-optic  and  magnetic  properties  of  Tb:YlG 

6801  Magneto-optical  properties  Of  (BK3dY)3FegOt2  for  optical  magnetic  field 
sensors 

6804  Magneto-optical  properties  of  Aland  In-substituted  CeYlG  epitaxial  films 
grown  by  sputtering  (abstract) 

6804  Enhancement  of  the  magneto-optical  quality  of  YIG  films  in  a  structure 
containing  a  thin  metal  film  (abstract) 

6805  Magnetic  Davydov  splitting  in  2D  AFM  (CH2)2(NH3)2Mna4  (abstract) 

Symposium:  User  FacUtUee  In  Magnetism 

6806  Magnetic  neutron  scattering  (invited) 

6811  Soft  x-ray  synchrotron  radiation  facilities  for  the  study  of  magnetic 
materials  (invited)  (abstract) 

6812  High  magnetic  field  raaoaroh:  Overview  of  facilities  and  science  and 
technology  opportunities  (invited)  (abstract) 

Magnetic  Structure 

6813  UNi02 :  Quantum  liquid  or  concentrated  spin  glass? 

6816  Disappearance  of  three-dimensional  magnetic  ordering  in  GdjCuC^ 


S.  Uchiyama,  S.  Yoshino,  H. 
Takahaahi,  K.  TomWta,  T.  Mori,  A. 
Itafcura,  S.  Iwata,  S.  Tsunaahima 
M.  J.  SabWr 


Zhenzhou  Guo,  Edward  Delia  Torre 


T.  C.  Amoldussen,  J.  G.  Zhu 


tkuya  Tagawa,  AMNko  Takeo, 
Ybahihiaa  Nakamura 

Xiaodong  Che,  H.  Neel  Bertram 

B.  E.  Argyte,  R.  Schafer,  P.  L 
TrouHloud,  M.  E.  Re,  A.  P.  Praino, 
S.  Takayama,  D.  Dingiey 


S.  Vishovsky,  M.  Nyvlt,  V.  Prosser, 
R.  Atkinson,  W.  R.  Hendren,  I.  W. 
Salter,  M.  J.  Walker 
Ron  Atkinson,  Nikolai  F.  Kubrakov, 
Sergey  N.  Utochkin,  Anatoley  K. 
Zvezdin 

R.  Carey,  P.  A.  Gago-Sandoval, 

D.  M.  Newman,  B.  W.  J.  Thomas 
J.  Ostorero,  M.  Guillot 


Jla  Ouyang,  Ying  Zhang,  Huahui 
He 

Jie  Hui  Yang,  You  Xu,  Guo  Ying 
Zhang 

O.  Kamada,  H.  Minemoto,  N.  ttoh 


M.  Gomi,  M.  Abe 


A.  D.  Boardman,  A.  I.  Voronko, 
P.  M.  Vetoshko,  V.  B.  Volkovoy, 
A.  Yu.  Toporov 

V.  Eremenko,  I.  Kachur,  V. 
Piryatinskaya,  V.  Shapiro 


J.  W.  Lynn 

Brian  Tonner,  W.  O’Brien,  M.  A. 
Green,  H.  Hochst,  R.  Reinirtger 

J.  E.  Crow,  H.  J.  Schneider-Muntau, 
D.  M.  Parkin,  N.  Sullivan 


M.  Rosenberg,  P.  Stetmaszyk,  V. 
Klein,  S.  Kemmler-Sack,  G.  Fitoti 

T.  Chattopadhyay,  P.  J.  Brown,  B. 
Roessli 


(Continued) 


6819  Spin  Peierte  transition  In  CuGeOj:  Electron  paremagnellr  resonance  S.  Oeeroff,  S-W.  Cheong,  A. 

•tidy  Fondado,  B.  Aktas,  Z.  Ftt 

6822  Observations  of  magnetization  reversal  and  magnetic  dusters  in  copper  M.  M.  Ibrahim,  M.  S.  Seahra,  Q. 

ferrite  Dims  SrMvacan 

6825  The  structure  and  spin  dynamics  of  lanthanide-bearing  silicate  glnssoa  A.  J.  Q.  ENeon.  C  -K.  Loong,  J. 

Wagner 

6828  MagnedzaHon  and  ferromagnetic  resonance  studies  on  amorphous  films  J.  Chen,  S.  Cheney,  G.  Srinivasan 

ofFejOs-BItOrUsO 

6831  Hysteresis  and  magnetic  aftereffect  in  amorphous  CoZrOy  films:  Trends  G.  Suran,  K.  Roky 

and  variations  versus  Dy  content 

6834  First -prtndpies  calculation  of  orbital  moment  distribution  in  amorphous  Fe  Xue-Fu  Zhong,  W.  Y.  Ching 

6837  A  magnetocalorlmetric  study  of  spin  fluctuations  in  amorphous  F e,Zr100_„  A.  LeR  Dawson,  D.  H.  Ryan 

6840  Magnetic  properties  of  colloidal  silica:  Potassium  silicate  gel/iron  R.  D.  Shut.  H.  M.  Kerch,  J.  J. 

nanocomposites  Ritter 


MftQMtD-optlc  RtconUftq 

6843  Origin  of  high  coercive  force  in  raro-earth-transmission-metal  thin  film 

6846  Study  of  the  effect  of  defect  sizes  and  their  distribution  on  the  coercivity  of 
magnetic  media 

6849  Reversal  mechanisms  in  Tb/Fe  multilayers 

6852  Write/erase  cydability  of  TbFeCo  for  mark  edge  recording 


6855  Recording  characteristics  of  Kr-sputtered  Tb/FeCo  multilayer 
magneto-optica)  disks 

6858  Double  compensation  point  media  for  direct  overwrite 

6861  Design  and  performance  of  magneto-optic  enhanced  Co/Pt-based  tn layers 
having  zero  Kerr  eWpdcity 

6864  Effect  of  substrate  roughness  on  microstructure,  uniaxial  anisotropy,  and 
coercivity  of  Co/Pt  multilayer  thin  films 

6867  Depth  distribution  of  birefringence  in  magneto-optical  recording  disk 
substrates 

6870  Growth  and  subsequent  relaxation  of  the  anisotropic  structure  of  amorphous 
Tb-Fe  (abstract) 

6871  Macroscopic  ferrtmagnets  as  magneto-optic  media  (abstract) 


D.  Roy  Caitaby,  Robert  D.  Lorentz, 
Shigeki  Yatsuya 

James  A.  Jatau,  Edward  Delta 
Torre 

K.  O’Grady,  T.  Thomson,  S.  J. 
Greaves,  G.  Beyreuther 
Hiroyuki  Awano,  Masahiro  Ojima, 
Katsusuke  Shimazaki,  Satoru 
Ohnuki,  NorioOhta 

Hire  Karube,  Kunlhiko  Matsumura, 
Masafumi  Nakada,  Osamu  Okada 

T.  K.  Hatwar,  D.  J.  Genova,  R.  H. 
Victora 

R.  Atkinson.  P.  J.  Grundy.  C.  M. 
Hanratty,  R.  J.  Pollard.  I.  W.  Salter 
Chung-Hee  Chang,  Mark  H.  Kryder 


Raymond- Noel  Kono,  Myung  S. 
Jhon,  Thomas  E.  Karts 
F.  Heilman,  M.  C.  Robson,  M.  T. 
Messer 

Richard  J.  Gambino,  Flalph  R.  Ruf, 
Nestor  Bojarczuk 


Magnetic  Imaging  and  Measuring  Techniques 

6872  High-resolution  magneto-optic  measurements  with  a  Sagnac  Interferometer  A.  Kapitulnik,  J.  S.  Dodge,  M.  M. 

(invited)  Fejer 

6878  dc  magnetic  force  microscopy  Imaging  of  thin-film  recording  head  Paul  Rice,  John  Moreland,  Andrzej 

Wadas 


6881  Proposed  antiferromagneticalty  coupled  dual-layer  magnetic  force  John  O.  Oti,  Paul  Rice.  Stephen  E. 

microscope  tips  Russek 

6884  Anisotropy  and  magnetostriction  measurement  by  interferometry  Peter  S.  Hardee  III,  George  H. 

Bedesis.  David  N.  Lambeth 

6887  New  complex  permeability  measurement  device  for  thin  magnetic  films  S.  Hayano,  I.  Marioova,  Y.  Salto 


6890  Element  specific  magnetic  microscopy  with  x  rays  (invited)  (abstract) 


B.  Hermsmeier,  J.  Stohr,  Y.  Wu,  M. 
Samant,  G.  Harp.  S.  Koranda,  D. 
Dunham,  B.  P.  Tonner 


(Continued) 


0860  Hqh  spatial  reeolutlon  spin-polarized  scanning  electron  microtcopy 
fMM| 


6891  An  analysts  o f  magnetization  patterns  measured  using  a  magnetic  tores 
scanning  tunneling  microscope  (abstract) 

6892  Magnetic  force  microscopy  at  single  crystal  magnetite  (FesO*)  (abstract) 


6893  Interpretation  of  magnetic  force  microscopic  images  (abstract) 


CMant  MagnsaoreetsSence  In  Granular  Materials 

6894  Ootsrminaiion  of  para-  and  ferromagnetic  components  of  magnetization 
and  magnetorssistance  of  granular  CofAg  films  (invited) 

6900  Giant  magnetorssistance  and  microstructural  characteristics  of  epitaxial 
Fe-Ag  and  Co-Ag  granular  thin  films 


6903  Giant  magnetoresistance  and  its  dependence  on  processing  conditions  in 
magnetic  granular  alloys 

6906  Theory  of  magnetotransport  in  inhomogeneous  magnetic  structures 


6909  Giant  magnetoresistance  of  dilute  Cu(Co)  granular  films 


6912  Dependence  of  giant  magnetorssistance  on  film  thickness  in  heterogeneous 
Co-Ag  alloys 

6915  Modulation-induced  giant  magnetoresistanca  in  a  spinodatty  decomposed 
Cu-NFFe  alloy 

6918  Magnetorssistance  in  a  granular  Fe-Mg  system 


6921  Giant  magnetoresistanca  and  induced  exchange  anisotropy  in  mechanically 
alloyed  CojoAgTQ 


6924  Correlation  of  x-ray  diffraction  and  Mossbauer  effect  measurements  with 
magnetic  properties  of  heat-treated  CuagCo1sFes  ribbons 
6927  Giant  magnetonwistance  in  Ag,  ^Ni^Fey  heterogeneous  alloy  films 

6930  Giant  and  anisotropic  magnetoresistance  in  single  layer  NittFe16Co1B-Ag 
films 

6933  Giant  magnatoresistance  in  heterogeneous  (CoFe)xAg1  films  (abstract) 


Soft  Magnetic  Materials  and  AppBcaUom  II 

6934  The  effects  of  film  geometry  on  the  properties  of  FeTaN  films 

6937  Relationship  between  ac  and  dc  magnetic  properties  of  a  Co-based 
amorphous  alloy 

6840  Effects  of  nanocrystattzation  upon  the  soft  magnetic  properties  of  Co-based 

amorphous  ailoys 

6943  Magnetic  properties  behaviors  in  FeaaZr764Cu1  nanocrystafiine  alloy 
prepared  by  different  postanneal  cooling  rates 

6946  Soft-magnetic  properties  of  amorphous  tapes  after  dynamic  current 
annealing 

6949  Magnetic  behavior  of  the  amorphous  wires  covered  by  glass 


K  Matsuyama,  K.  Koike,  F. 
Tomiyama,  H.  Art,  Y.  Shiroiahi,  A. 

laNkawa 

E.  R.  Burke,  R.  D.  Gomez.  I.  D. 
Mayeryoyz 

R.  Proksch,  S.  Foes,  C.  Orme.  S. 
Sahu,  B.  Moakowitz 
Atsushi  fOkukawa,  Hiroyuki  Awano, 
Stsnio  Hoaaka,  Yukto  Honda,  Ryo 
bnura 


Mary  Beth  Steams,  Yuanda  Chang 

N.  Thangara),  C.  Echar,  Kantian  M. 
Krishnan,  R.  F.  C.  Fanow,  R.  F. 
Marks.  S.  S.  P.  Parkin 
Jian-Qing  Wang,  Edward  Price. 
Gang  Xiao 

Horacio  E.  Cambtong,  Shutang 
Zheng,  Peter  M.  levy 

R.  J.  Gambino,  T.  R.  McGuire, 

J.  M.  E.  Harper,  Cyril  Cabral,  Jr. 

J.  R.  Mitchell.  A.  E.  Berkowttz 


S.  Jin,  L  H.  Chen,  T.  H.  Ttetel,  M. 
Bbschutz,  R.  Ramesh 

Kevin  Pettit,  E.  Klta.  K.  Araga.  A. 
Tasakl,  M.  B.  Salamon 
K.  Ounadfeia,  A.  Herr,  R.  Poinsot. 
J.  M.  D.  Coey,  A.  Fagan,  C.  R. 
Staddon,  D.  Daniel,  J.  F.  Gregg. 

S.  M.  Thompson,  K.  O’Grady,  S. 
Grieves 

V.  G.  Harris,  M.  Rubinstein.  B.  N. 
Das,  N.  C.  Koon 
M.  L.  Watson.  V.  G.  Lewis,  K. 
O'Grady 

A.  Wakrws,  J.  A.  Barnard,  M.  R. 
Parker 

R.  S.  Beach.  D.  Rao,  M.  J.  Carey. 
F.  T.  Parker,  A.  E.  Berkowitz 


Gan  Ohi,  J.  A  Barnard 

S.  H.  Urn,  Y.  S.  Choi,  T.  H.  Noh, 
I.  K.  Kang 

P.  Quintana,  E.  Amano,  R. 
Valenzuela,  J.  T.  S.  Irvine 

K.  Y.  Kim,  J.  S.  Lee,  T.  H.  Noh, 
I.  K.  Kang,  T.  Kang 

M.  A  Escobar,  J.  C.  Perron,  R. 
Barrue,  A  R.  Yavari 

Nona  Chiriac,  Gheorghe  Pop. 
FVuta  Barariu,  Manuel  Vazquez 


(Continued) 


6062  Tbneor  oomporwnte  of  tha  magnetization  in  a  twisted  Fe-rich  amorphous 


6065  A 


ternary  Nd-Fe-B  compound 


8068  Halcal  sntsoaopy  and  Malteuccl  sffect  in  Co-St-6  amorphous  wires  with 

|M  ■  rm  -A.|  „AJ  ■  ,  f-L  -1,  m  ,*| 

rwgaDW  mflgnOT0901C90fi  {MjmTBCt) 

0090  Th»  rf  pjrnmbUy  of  dc  plow  magnetron  nputtrod  FoMI  muMayor  fttmo 


6060  Phase  transitions  In  tha  one-dimensional  frustrated  quantum  XY  modal 
and  Jossphsoo  junction  laddara 

8063  Penetration  of  dreuterty  potertzad  alectromagnadc  Balds  Into 
auparoonducteta  with  gradual  raalstlva  transitions 

6066  Magnsdc  shMding  from  aftemaiing  magnadc  Held  by  t*TVNb/Cu 
suparoonducdng  muMlayer  composite  cylinder 

6060  A  msthod  of  increasing  magnadc  anargy  of  superconducting  magnetic 
energy  storage 

6072  Synthesis  of  high- temperature  superconducting  thin  films  In  microwave 
field 

Applied  Magnetics 

6075  Estimation  of  fatigue  exposure  from  magnetic  coercrvity 

6878  Overview  of  applications  of  micromagnetic  Barkhausen  emissions  as 
noninvasive  material  characterization  technique 

6061  Monitoring  neutron  embrittlement  in  nuclear  pressure  vassal  steals  using 
micromagnetic  Bartdtausen  emissions 

6864  Experimental  study  on  opening  compensation  for  magnetic  shields  by 
current  superposition 

6867  Effects  of  pole  flux  distribution  in  a  homopolar  linear  synchronous  machine 

6000  Compensation  of  field  distortion  with  ferromagnetic  materials  and 


6003  Equivalent  structures  of  permanent  magnate  and  electric  currents  designed 
to  generate  uniform  fields 


6006  Thermal  magnetic  noise  due  to  eddy  currents  in  a  strip  wound  ferromagnetic 
core  at  4.2  K  (abstract) 

6006  Design  of  fast  acting  actuators  for  cryogenic  valve  applications  in  the 
AfllANE 5-program  (abstract) 


6807  Barkhausen  transitions  in  single  layer  and  b*ayer  thin  permaltoy  Aims 
7000  Equation  of  motion  of  domain  wails  and  equivalent  drcuite  in  soft 


7003  Pinned  domain-wa*  structure  in  magnetic  field 

7006  SuscepUbifity  of  current-carrying  iron  whiskers 

7000  The  effects  of  demagnetizing  and  stray  fields  on  magnetnaooustic 


L  Kraus,  S.  N.  Kane,  M.  Vazquez, 
G.  Rivero,  E.  Frags,  A.  Hernando, 
J.  M.  Barandiaran 

B.  X  Gu,  B.  G.  Shan,  H.  R.  Zhai 

J.  Yamasaki,  M.  Takajo,  F.  B. 
Humphrey 

Craig  A  Grimes,  Catherine  C. 
Balantyne 


Ertzo  Granato 


I.  D.  Mayergoyz 


Hiroaki  Otsuka,  Ikuottoh 


T.  Morisue,  T.  Yajtma 
Victor  I.  Kojuharoff 


Z.  J.  Chen,  D.  C.  Jiles,  J.  Kameda 
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PREFACE 


MMM  '93,  the  38th  Annual  Conference  on  Magnetism  and  Magnetic  Material*,  was  held 
in  Minneapolis  at  the  Hyatt  Regency  Hotel,  November  15-18,  1993.  Despite  a  slowdown  in  the 
economy  and  competition  from  other  meetings,  there  was  a  total  of  586  fall  registrants  and  202 
student/retiree  registrants.  1018  abstracts  were  submitted  to  the  Program  Committee.  The  final 
program  was  made  up  of  858  papers,  of  which  33  were  invited  papers,  10  contributed  papers 
that  had  been  promoted  to  invited  paper  status,  478  poster  papers,  and  332  contributed  oral 
presentations.  The  Conference  Proceedings  is  subdivided  into  59  sections  and  contains  30 
invited  papers,  479  contributed  papers,  and  153  abstracts. 

The  meeting  began  with  a  well-attended  Sunday  evening  tutorial  where  informal  talks  were 
given  on  theory  of  magnetism,  magnetic  measurements,  magnetic  force  microscopy  and  other 
imaging  techniques,  and  material*  science:  deposition  and  characterization.  In  the  four-day 
program,  there  were  symposia  on  magnetic  circular  dkhroism,  novel  time-resolved  probes  of 
dynamical  magnetism,  and  perpendicular  transport  in  layered  structures,  along  with  evening 
symposia  on  environmental  magnetism  and  national  user  facilities.  Although  there  were  re¬ 
ports  from  virtually  all  areas  of  magnetics  research,  studies  relating  to  the  magnetic  properties 
of  surfaces  and  artificially  structured  magnetic  materials  were  especially  prominent  in  the 
program.  Also  noteworthy  were  the  large  numbers  of  graduate  and  post-doctoral  students  in 
attendance,  which  will  help  ensure  the  vitality  of  the  field  for  years  to  come.  Another  welcome 
trend  is  the  growing  international  character  of  the  meeting  as  reflected  in  the  fret  that  60%  of 
the  abstracts  accepted  for  presentation  came  from  outside  the  United  States. 

A  meeting  the  size  of  MMM  requires  the  dedicated  efforts  of  s  large  number  of  people.  I 
would  especially  like  to  thank  the  members  of  the  Steering  Committee,  the  Local  Committee, 
the  Program  Committee,  and  the  Conference  Editors  as  well  as  staff  from  the  American 
Institute  of  Physics  and  Courtesy  Associates  for  their  help  in  organizing  and  running  the 
meeting.  In  addition  to  the  corporate  sponsors,  who  are  listed  on  the  third  page  of  the  Pro¬ 
ceedings,  the  Conference  received  financial  support  for  invited  speakers  from  the  Office  of 
Naval  Research. 


David  L.  Huber 
General  Chairman 
MMM  '93 
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Micromagnetics  and  Hysteresis 


G.  Friedman,  Chairman 


Monte  Carlo  simulations  of  remanent  magnetization  decay  driven 
by  interactions 

M.  E.  Matson,  0.  K.  Lottis,  and  E.  Dan  Dahtberg 

School  of  Physics  and  Astronomy,  University  of  Minnesota,  Minneapolis,  Minnesota  5S4S5 

Many  physical  systems,  including  ferromagnets,  exhibit  slow  relaxation  behavior.  The  usual 
explanation  of  this  time  dependence  is  to  assume  a  distribution  of  energy  barriers,  i.e.,  disorder.  A 
recent  model  [Phys.  Rev.  Lett.  47,  362  (1991)]  relies  on  a  mean  field  approximation  of 
magnetostatic  interactions  to  be  the  driving  force  responsible  for  the  decay.  Following  this  work,  we 
have  simulated  the  dynamics  interacting  [sing  spin  system  key  features  found  in  the  original  model. 
In  addition,  it  is  shown  that  the  interaction  driven  relaxation  results  in  s  faster  decay  of  the 
magnetization;  a  result  reflecting  the  model  system  is  being  driven  towards  its  equilibrium  state  by 
the  interactions. 


Many  magnetic  systems  exhibit  the  magnetic 
aftereffect1,2  which  is  identified  as  a  slow,  nonexponei.tial,  or 
quasilogarithmic  decay  of  the  remanent  magnetization.  A 
typical  equation  used  to  characterize  this  slow  decay  is 

M(t)  =  M,  +  S  ln(t),  (1) 

where  M  is  the  remnant  magnetization  at  r=l  unit,  and  S  is 
constant  for  any  given  temperature.2  The  traditional  model 
used  to  obtain  this  relationship  involves  the  presence  of  a 
distribution  (  disorder)  of  barrier  heights  which  must  be  ther¬ 
mally  overcome  for  a  given  grain  of  magnetic  material  to 
reverse  its  magnetic  orientation. 

After  the  first  suggestion  that  interactions  were  respon¬ 
sible  for  the  slow  relaxation,3  a  model  was  developed1,4  to 
account  for  the  slow  dynamics  and  the  nonmonotonic  decay 
slope  of  this  system.  In  this  model  one  considers  a  plane  of 
spins  or  magnetic  moments  that  may  only  point  up  or  down 
and  are  coupled  by  their  dipole-dipole  interactions.  Based 
on  this  earlier  work  and  through  private  communications, 
other  researchers  have  used  Monte  Carlo  techniques  to  in¬ 
clude  interactions,5  and  have  modeled  the  dynamics  of  other 
systems  dominated  by  couplings6  in  a  similar  fashion. 

In  the  present  work,  we  use  this  mode]  as  the  basis  for 
Monte  Carlo  simulations  of  the  decay  of  a  coupled  or  inter¬ 
acting  spin  system  on  a  200X200  spin  lattice.  The  solution 
of  the  model  system  by  the  Monte  Carlo  technique  required 
a  modification  of  the  algorithm  to  include  an  energy  barrier. 
Included  is  some  discussion  to  justify  the  simple  conclusion 
that  the  probability  of  a  spin  flipping  to  a  different  energy 
state,  separated  from  the  first  by  an  energy  barrier  \Eb,  is 
simply  Pb=Pei£b,  where  P  is  the  properly  normalized 
probability  of  the  spin  flipping  without  this  barrier.  This 
modified  algorithm  is  different  from  that  previously  used,3 
and  therefore  there  are  distinct  differences  in  the  results  of 
the  present  work  with  that  done  previously. 

The  model  system  consists  of  a  plane  of  spins  or  mag¬ 
netic  moments  with  an  anisotropy  energy  such  that  the  en¬ 
ergy  minima  are  with  the  moments  perpendicular  to  the 
plane,  i.e.,  the  energy  minima  states  are  up  and  down  states 


that  are  perpendicular  to  the  plane.  These  spins  interact 
through  dipole-dipole  interactions  that  are  treated  in  a  mean- 
field  approximation.  In  the  ground  state  this  system  contains 
no  net  magnetization,  with  one  spin  up  for  every  spin  down. 
When  the  system  is  saturated  along  the  positive  z  axis,  the 
demagnetizing  field  of  the  system  will  be  along  the  negative 
z  axis,  driving  the  system  back  to  equilibrium.  Because  the 
remnant  field  decreases  as  equilibrium  is  approached,  the 
energy  needed  to  overcome  the  energy  barrier  increases.  This 
slows  the  relaxation  process  over  time,  leading  to  quasiloga¬ 
rithmic  relaxation.  As  will  be  shown  later,  if  there  were  no 
interactions  the  system  would  still  relax,  but  since  the  barri¬ 
ers  remain  at  their  maximum  height,  the  decay,  although  ex¬ 
ponential,  will  take  a  much  longer  time. 

In  this  model  each  spin  has  an  anisotropy  energy  of  the 
form  ~K,v  cos2(0),  where  v  is  the  volume  of  the  spin 
grain,  0  is  the  angle  between  the  spin  vector  and  the  positive 
z  axis,  and  Ku  is  a  positive  constant.  The  energy  due  to  an 
external  Held  has  the  form  M  Jlv  cos(0),  where  M,  is  the 
saturation  magnetization  of  the  spin  grain  and  H  is  an  ap¬ 
plied  field  along  the  negative  z  axis.  This  gives  a  total  energy 
per  grain  of 

E=  -Kkv  cos2(0 )  +  Af sffu  cos(0).  (2) 

If  one  differentiates  Eq.  (2)  by  0  and  sets  the  result  to  0,  one 
obtains  the  values  of  0  corresponding  to  the  energy  minima 
and  maxima.  The  maximum  value  for  the  energy,  which  we 
call  Eb,  is  the  energy  maximum  separating  the  minima  £, 
(spin  up,  0=0)  and  E2  (spin  down,  0=ir).  Of  course,  it  is 
the  relative  energies  that  are  important  for  the  dynamics  of 
the  system.  Defining  £l(2)  as  the  energy  with  0=O(ir),  the 
up  (down)  state  energy,  we  can  determine  the  energy  from  a 
particular  state  to  the  barrier  maximum  as 


EbHb2)=*E:b-Eim=-jj£-  [MtH-{+)2Kuf.  (3) 

Any  dynamics  or  change  in  the  relative  populations  of  the 
spins  is  then  given  by 
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'■  'MBIT 


(4) 


— =  -w,Nie~*£t'  +  w2N2e  ^£bl,  (4) 

dr  11 

where  Nx  is  the  number  of  spins  pointing  up,  N2  is  the  num¬ 
ber  of  spins  pointing  down,  w,  and  w,  are  the  attempt  fre¬ 
quencies,  and  0=UKbT.  The  attempt  frequencies  are  as¬ 
sumed  to  be  equal  and  constant. 

The  inclusion  of  interactions  is  straightforward  by  iden¬ 
tifying  the  magnetic  field  H  with  the  demagnetization  field. 
This  corresponds  to  using  a  mean-field  approximation  for  the 
dipolar  couplings.  For  the  limiting  case  of  planar  symmetry 
with  the  magnetization  perpendicular  to  the  plane,  this  gives 
a  m;  netic  field  of  -4m W,  where  M=Ms(Nt-N2)/N, 
wher  •'  is  the  total  number  of  spins.  Defining  AN  such  that 
Af,(2)=  f+(-)AN/2  (so  AN=N,-N2),  one  obtains 


N  i 
■  =  -  w-t-  —  +- 
2 


N  AN 

+  w_  —  - 

2  2  ; 


2irM,‘  AN 
N 


2nMs-  AN 


For  a  number  of  applications,  such  as  including  the  ef¬ 
fects  of  disorder,  it  is  easiest  to  use  an  Ising  model  and  per¬ 
form  Monte  Carlo  (MC)  computer  simulations  of  the  decay 
r,  equilibrium7  rather  than  include  these  effects  in  Eq.  (5). 
Usually  in  MC  simulations,  the  algorithm  used  to  flip  the 
spins  is  the  Metropolis  algorithm.7  This  algorithm  calculates 
the  probability  of  the  spin  flipping  to  be 

P=i  TeMTg’  (6) 

where  the  AS  is  the  energy  difference  and  0=VKbT  (often 
P=e47  is  used,  which  gives  the  same  equilibrium  statis¬ 
tics,  but  arrives  at  equilibrium  faster.  While  this  is  a  desirable 
property  for  most  uses,  it  shows  a  less  accurate  time  depen¬ 
dence.) 

Equation  (6)  does  not  include  the  effects  of  the  energy 
barrier  or  maximum  on  the  dynamics.  Previous  efforts5  to 
incorporate  the  energy  barriers  altered  the  probabilities  for 
both  spin  up  and  spin  down,  and  then  proceeded  to  use  the 
same  Metropolis  algorithm  for  Sipping  spins.  The  following 
is  the  development  of  a  different  technique  to  incorporate  the 
barriers. 

Given  a  system  of  spins  where  each  spin  is  allowed  to 
occupy  one  of  two  states  with  energies  E ,  and  E2  (represent¬ 
ing  spin  up  and  spin  down,  respectively)  and  an  additional 
energy  level,  Eb ,  which  is  not  a  state  the  spin  is  allowed  to 
occupy.  This  energy  level  is  larger  than  £,  or  £2  and  acts  as 
a  barrier  between  the  two  levels.  Without  loss  of  generality, 
one  can  assume  that  £,>£2  (this  reflects  the  'Act  that  the 
demagnetization  field  is  in  the  -z  direction)  and  define 
A£=£|-£2,  A Eb=Eb-Ex,  as  before.  If  A£j,=0  then  we 
use  the  usual  Boltzmann  distribution  to  calculate  Pl2, 
the  probability  spin  flips  from  the  £t  to  £2  (£2  to  £,)  state 
given  by 

£-E2ii)P  e!-iae  fi 

^tzizi) =eMM+e-M  =r+eio  -  (7) 
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with  0=1  /KJ. 

To  verify  that  these  probabilities  will  work,  consider  the 
system  to  be  in  equilibrium.  Then,  if  Nx  and  hi,  are  the 
number  of  spins  in  the  up  and  down  states,  with  energies  £  , 
and  £2,  we  expect  the  average  spin,  (S),  to  be 

N,-N2  e  e^-e  E'-“ 

n^n2=(s)  =  ^  (8) 

In  the  Monte  Carlo  prog-am  equilibrium  will  be 
acnieved  when  NlPi2-N2P2l  So  we  expect  the  average 
spin  to  be 

\,-\2  jv,/at2-i  p21ipx2-i 

Nx+N2  ~Nx/N2+1  ~P2l/P,i+  1 

•  (9) 

which  is  the  same  as  Eq.  (9). 

The  more  difficult  question  is  how  to  deal  with  the  en¬ 
ergy  barrier  Eb .  For  this,  three  logical  conditions  which  must 
be  satisfied  are:  (1 )  Pxb2  (the  probability  a  spin  will  flip  from 
£  |  to  E2  with  an  energy  barrier  Eb)  must  be  equal  to  Px2 
when  £(,=£,;  (2)  P2bx  (the  probability  a  spin  will  flip  from 
E2  to  £,  with  an  energy  barrier  Eb)  will  be  proportional  to 
e~EbP  when  written  in  the  first  form  of  Eqs.  (7)  and  (3)  the 
partition  function  e~e'^  +  should  remain  unchanged, 

i.e.,  Eq.  (8)  must  remain  true.  The  equations  that  accomplish 
this  are 


e-l  £20+£4p-£,0>  elE0 

=  P,2e^Ebfi 


e  sttfi 


=  P2ie~^^.  (11) 

This  gives  the  very  simple  result  that  the  energy  barrier  re¬ 
duces  the  probability  of  a  spin  flipping  by  a  factor  e 
Note  also  that  the  final  equilibrium  value  will  not  change  due 
to  this  barrier,  only  the  rate  of  decay  to  equilibrium. 

The  results  obtained  from  Monte  Carlo  simulations  us¬ 
ing  the  above  analysis  are  shown  in  Fig.  1,  plot  of  the  nor¬ 
malized  remnant  magnetization  Mn/Mo  versus  log  (time) 
(actually  the  nth  Monte  Carlo  step).  For  the  upper  data  in 
this  plot  the  interactions  have  been  turned  off  and  the  plot  is 
that  expected  for  an  exponential  decay.  In  this  same  figure 
are  the  data  generated  with  the  same  initial  values,  but  with 
the  dipolar  couplings  or  interactions  included.  These  data 
give  a  somewhat  straight  line  until  they  reach  a  value  of 
around  0.2  of  the  normalized  remnant  magnetization.  At  the 
lower  values  of  Mn/Mo  the  energy  AE  approaches  zero, 
changing  very  little  from  one  Monte  Carlo  step  to  the  next. 
For  this  reason  it  is  not  surprising  to  see  an  end  to  slow 
relaxation  in  this  region.8 

An  important  feature  to  note  in  this  figure  is  the  relative 
values  of  the  magnetization  with  and  without  interactions.  As 
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FIG.  1.  A  simulated  decay  when  the  dipole-dipole  couplings  are  omitted, 
le,  no  interactions  (upper  curve)  and  with  dipolar  couplings  (lower  curve). 
Foe  these  data,  M,  =0.0005,  =0. 1,  and  the  temperature  is  200  K.  Ma/Mo 

is  the  reduced  magnetization  at  the  nth  Monte  Carlo  step.  The  time  is  in 
units  of  Monte  Carlo  steps.  One  should  note  the  quasiiogarithmic  time  de¬ 
pendence  of  the  dipolar  coupled  simulation.  Also,  as  can  be  seen,  the  cou¬ 
pling  drives  the  system  to  its  equilibrium  faster  than  the  zero  coupling  case. 

stated  before,  this  figure  shows  that  the  slow  relaxation  curve 
actually  reaches  equilibrium  faster  than  the  exponential  de¬ 
cay  curve.  This  is  merely  the  consequence  of  the  system 
decaying  to  equilibrium  faster  when  there  is  a  magnetic  held, 
the  demagnetization  held,  helping  it  along. 

Figure  2  shows  the  magnetization  decay  at  several  tem¬ 
peratures  In  actual  measurements,  the  decay  rate  or  slope  is 
measured  at  a  fixed  time  or  over  a  narrow  time  window.  This 
experimental  limitation  is  the  origin  of  the  nonmonotonic 
temperature  dependence,  as  discussed  previously.2'4,5  To 
show  this,  one  can  consider  the  temperature-dependent 
slopes  at  different  times  for  these  data.  For  example,  if  one 


t  (UC  «t«0«) 

FIG.  2.  Decays  of  the  magnetization  with  couplings  present  at  four  different 
temperatures.  The  decay  slope,  although  not  constant  for  a  given  tempera¬ 
ture,  can  be  determined  for  each  temperature  at  any  fixed  time. 


FIG.  3.  The  decay  slope  of  the  magnetization  between  log  r  values  of  0.5 
and  1  at  each  temperature  of  data  similar  to  that  in  Fig.  2  are  plotted  against 
temperature.  The  nonmonotonic  behavior  of  the  decay  slope  is  similar  to 
that  measured  experimentally  and  found  in  the  model  referred  to  in  t  .  text. 

considers  the  slope  at  a  t  value  of  2,  the  slope  of  the  curve 
increases  (in  absolute  value)  as  the  temperature  increases.  On 
the  other  hand,  if  the  r  is  20  when  the  slope  is  measured,  the 
decay  slope  passes  through  a  maximum  at  100  K.  This  latter 
case  is  shown  in  Fig.  3.  In  Fig.  3  the  decay  slope  determined 
between  two  fixed  times  or  numbers  of  Monte  Carlo  steps  is 
plotted  versus  temperature.  The  nonmonotonic  behavior  is 
clearly  seen.  A  comparison  of  this  figure  with  a  similar  plot 
in  Ref.  5  shows  the  differences  in  the  two  approaches. 

In  summary,  this  work  has  shown  that,  with  the  proper 
choice  for  the  probability  defining  equation,  the  Monte  Carlo 
routine  replicates  the  previous  experimental  and  theoretical 
data.  Although  the  particular  algorithm  developed  is  different 
from  that  used  by  other  workers,5  the  results  are  similar.  One 
feature  of  the  general  model4  explicitly  pointed  out  here  is 
that  although  the  model  system  with  interactions  or  cou¬ 
plings  relaxes  quasilogarithmically  with  time,  it  is  actually  a 
faster  relaxation  than  the  same  system  without  interactions. 
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In  previous  papers,  we  have  suggested  to  use  the  Preisadt  model  driven  by  stochastic  inputs  as  a 
model  for  aftereffect  However,  in  these  papers  the  stochastic  inputs  have  been  modeled  by  discrete 
time  I.I.D.  (independent  identically  distributed)  random  processes.  Here,  we  further  extend  the 
aforementioned  approach  by  modeling  the  stochastic  inputs  by  continuous  time  diffusion  processes. 

It  is  shown  that  the  mathematical  machinery  of  the  “exit  problem”  is  instrumental  for  calculations 
of  time  evolutions  of  the  expected  value  of  the  output  of  the  Preisach  model. 


It  is  well  known  that  the  physical  origin  of  hysteresis  is 
due  to  the  multiplicity  of  metastable  states.  At  equilibrium, 
large  deviations  of  random  thermal  perturbations  may  cause 
a  hysteretic  system  to  move  gradually  from  higher-  to  lower- 
energy  metastablc  states.  This  phenomenon  is  generally  re¬ 
ferred  to  in  the  literature  as  “aftereffect,”  “viscosity,”  or 
“creep.” 

Traditionally,  the  modeling  of  hysteresis  and  viscosity 
has  been  pursued  along  two  quite  distinct  lines.  In  phenom¬ 
enological  modeling  of  hysteresis,  the  Preisach  approach  has 
been  prominent,  while  the  viscosity  phenomenon  has  been 
studied  by  using  thermal  activation-type  models.  It  is  desir¬ 
able  to  develop  the  uniform  approach  to  the  modeling  of 
both  hysteresis  and  viscosity.  Recently,  it  has  been  suggested 
to  use  the  Preisach  model  driven  by  stochastic  inputs  as  a 
model  for  aftereffect  (see  Refs.  1-3).  However,  in  these  pub¬ 
lications,  the  stochastic  inputs  have  been  modeled  by  discrete 
time  I.I.D.  (independent  identically  distributed)  random  pro¬ 
cesses.  Below,  this  approach  is  further  extended  by  modeling 
the  stochastic  inputs  by  continuous  time  diffusion  processes. 
From  the  mathematical  point  of  view,  it  makes  the  problem 
much  more  complicated.  It  is  shown  below  that  these  diffi¬ 
culties  can  be  largely  overcome  by  using  the  mathematical 
machinery  of  the  “exit  problem.” 

Consider  a  deterministic  input  u(l)  of  the  Preisach 
model  that  at  time  t—0  assumes  some  value  «0  and  remains 
constant  thereafter.  In  a  purely  deterministic  situation,  the 
output  would  remain  constant  for  r5*0  as  well.  To  model  the 
aftereffect,  we  assume  that  some  noise  is  superimposed  on 
the  constant  input.  In  other  words,  we  assume  that  the  Prei¬ 
sach  model  is  driven  by  the  process 

x,=u0+X,,  X,=0.  (1) 

The  noise  X,  will  be  modeled  by  a  (continuous  time  and 
continuous  samples)  diffusion  process,  which  is  a  solution  to 
the  Ito  stochastic  differential  equation: 

dX^biX.jdt+alX.idW,.  (2) 

The  output  /,  of  the  Preisach  model, 

f,=  J  J  M(<*.0)r«,p*!  da  dp,  (3) 

a>0 


will  be  a  random  process  as  well,  and  we  shall  be  interested 
in  the  time  evolution  of  the  expected  value,  /, ,  of  this  output 
process. 

Since  integration  is  a  linear  operation,  from  (3)  we  de¬ 
rive 

/'=  J  J  ls(a,P)E{ya  ^,)da  dfi.  (4/ 

a>0 

Thus,  the  problem  is  reduced  to  the  evaluation  of  the  ex¬ 
pected  value,  E{yapx,}. 

Let 

9a,p(»)  =  Ptoh{i'«./j*.=  +  l}-  (5) 

Since  y 0,0*1  may  assume  only  two  values  +1  and  -1,  we 
find 

£{y»W=2‘f«.p(')-i.  (6) 

In  this  way,  the  problem  is  reduced  to  the  calculation  of 
q  0,^.1)  ■  The  last  quantity  can  be  expressed  in  terms  of 
switching  probabilities  Pi  (t)  and  PI  (t),  which  are  defined 
as  follows: 


*  switchings  of  yaJ)  during  J 
time  interval  (O,t)lya,0Xo=  +  1,J 

k  switchings  of  ya,0  during  1 
time  interval  (0,r)|y«,p*o=  _  1)  8 

By  using  the  above  switching  probabilities,  we  derive 

•  00 

2  Pu(‘),  if  f„.p*o=  +  1> 

?«.*(<)=  -  (9) 

2  |U),  if  ra,0*O=-f- 

*-0 


Pl(t)  =  Probj 
PI  (r)=Prob| 


The  last  expression  is  valid  because  occurrences  of  different 
numbers  of  switchings  are  nonintersecting  (disjoint)  events. 

Next,  we  shall  discuss  the  mechanism  of  switching.  It  is 
clear  from  Fig.  1  that  the  first  switching  occurs  at  the  mo¬ 
ment  when  the  stochastic  process  x,  starting  from  the  point 
xQ  exits  the  semi-infinite  interval  (/},<»).  Then,  the  second 
switching  occurs  at  the  moment,  when  the  process  x,  starting 
from  the  point  x={3  exits  the  semi-infinite  interval  (~°°,a). 


5478  J.  Appl.  Phya.  78  (10).  15  May  1994 


0021  -8979/94/75(1 0)/5478/3/*6.00 


C 1994  American  Institute  o<  Physics 


•I 

I 


•fej 
+1  < 

r  -  _ 

t 

,3 

ot 

1 

x 

FIG.  1.  Mechanism  of  switching. 
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The  third  switching  takes  place  at  the  moment  when  the 
process  x,  starting  from  the  point  x=a  exits  the  semi-infinite 
interval  It  is  apparent  that  the  mechanism  of  all  sub¬ 
sequent  even  switchings  is  identical  to  the  mechanism  of  the 
second  switching,  while  all  subsequent  odd  switchings  occur 
in  the  same  manner  as  the  third  switching.  Thus,  switchings 
of  rectangular  loops  are  closely  related  to  the  exit  prob¬ 
lems  for  stochastic  process  x, ,  which  can  be  translated  into 
the  exit  problems  for  process  X, .  This  problem  is  one  of  the 
most  studied  problems  in  the  theory  of  diffusion  processes 
and  the  mathematical  machinery  developed  for  the  solution 
of  this  problem  will  be  utilized  in  the  calculation  of  prob¬ 
abilities  Pf(i). 

The  exit  problems  described  above  can  be  characterized 
by  exit  times  if,  which  are  random  variables.  In  the  above 
notation  for  the  exit  times,  subscript  “x”  means  that  process 
X,  starts  from  point  x,  while  superscripts  “±”  correspond  to 
the  exits  of  this  process  at  points  a-u0  and  /9-ir0,  respec¬ 
tively.  Next,  we  introduce  the  functions 

u±(r,x)  =  Prob{Tj»r},  (10) 


V±(t^c)  =  e(t)~v~(t,x), 


(11) 


where  e(r)  is  a  unit  step  function.  It  is  clear  that 

Vi(r,x)  =  Prob{rj«r},  (12) 

which  means  that  V±(l,x)  has  the  meaning  of  a  cumulative 
distribution  function  for  the  random  variable  if.  This,  in 
turn,  implies  that 


p~(tjc)  = 


dV^r,*) 

Jt 


(13) 


is  the  probability  density  function  for  the  random  variable 


It  is  apparent  from  (11)— (13)  that  p±(r,x)  can  be  easily 
computed  if  u±(r,x)  are  somehow  found.  It  turns  out  (and 
this  is  a  well-known  result  from  the  theory  of  stochastic  pro¬ 
cesses)  that  v±(t,x)  is  the  solution  to  the  following  initial¬ 
boundary  value  problem  for  the  backward  Kolmogorov 
equation: 


(Jo*  o^Cx)  d2!)1  du1 

dr  2  1?- +b(x)  d*  ' 

(14) 

u(0,jt)=l,  u(r,ci)=0. 

(15) 

i 
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where  c~  are  the  exit  points  for  the  process  X,,  which  are 
equal  to  a-u0  and  /3 -u0,  respectively. 

Next,  we  shall  show  that  switching  probabilities  Pf(l) 
can  be  expressed  in  terms  of  v±(t,x)  and  p~(i,x).  Note  that, 
according  to  (11)— (13),  p~(l, x)  are  related  to  v~(t, x)  as 
follows: 

p-(r,jc)  =  —  [e(r)-ui:(f,x)].  (16) 

It  is  clear  from  the  very  definition  of  v~(t, x)  that 

^(r)=u±(r,0).  (17) 

It  is  apparent  from  Fig.  2  that  the  occurrence  of  exactly 
one  downward  switching  is  the  union  of  the  following  dis¬ 
joint  elementary  events:  downward  switching  occurs  in  the 
time  interval  (X,X+dX),  and  then  no  upward  switching  oc¬ 
curs  up  to  the  time  t.  Due  to  the  strong  Markov  property  of 
X, ,  the  probability  of  the  above  elementary  event  is  given  by 

p~(\,0)v*{t—k,f)—u0)d\.  (18) 

Now,  the  probability  Pf(t)  of  exactly  one  downward 
switching  can  be  found  by  integrating  (18)  from  0  to  r: 

*f(<)  =  fV(M)b+(*-A,)3-u„)dX.  (19) 

Jo 

In  other  words,  Pf  (r)  is  the  convolution  of  p~(r,0)  and 
v+(t,p-u0): 

PUt)=p-(.t,O)*v+(t,p-u0).  (20) 

By  using  similar  reasoning,  we  can  derive 

i,j‘(r)=p+(r,0)»i/'(r,a-u0).  (21) 

Next,  consider  the  probability  Pf  (t)  of  the  occurrence 
of  exactly  two  switchings,  starting  from  the  initial  state 
yapx0=l.  According  to  Fig.  3,  this  occurrence  can  be  con¬ 
sidered  as  the  union  of  the  following  disjoint  elementary 


FIG.  3.  Occurrence  of  exactly  two  switchings. 
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events:  downward  switching  occurs  in  the  time  interval  (X,X 
+<fX),  and  then  exactly  one  upward  switching  occurs  up  to 
the  time  t.  The  probability  of  these  elementary  events  is 
given  by 

p-(X,0)/*r(r-X)<<X.  (22) 

Now,  by  integrating  (22),  we  find 

i>2+W  =  fp-<X,0)/>r(»-X)dX.  (23) 

Jo 

From  (21)  and  (23),  we  obtain 

P;O)=p-(t.O)*p+(t,fi-u0)*o-(t,a-u0).  (24) 

By  using  the  same  line  of  reasoning,  we  derive 

(O=P+(<,O)*p~(r,a-uo)*o+(r,0-uo).  (25) 

For  the  sake  of  conciseness,  we  introduce  the  notations 

P±(t,0)  =  Po(t),  p+(r,/?-u0)=p+(r), 

p-(r,ar-u0)  =  p~(r),  ^ 

n“(t,0)=t>o  (r),  v+(t,p-u0)=v*(t), 

v-(t,a-u„)=v~(t).  ^ 

Now,  by  using  the  same  line  of  reasoning  as  before  and 
the  induction  argument,  we  can  easily  derive  the  following 
expressions  for  the  switching  probabilities: 

p2it(t>“o)=Po(0*p+(')*p~(f),--*p~(r)*p+(0*u~(<), 

(28) 


=  Po(0*P  (t)»p+(r)*-  -»p~(r)*p+(r)*o'(r).  (29) 

By  substituting  (28)  and  (29)  into  (9),  we  obtain  the 
expression  for  q„/t)  in  terms  of  an  infinite  series  of  iterated 
convolutions.  These  series  can  be  reduced  to  geometric  ones 
by  employing  Laplace  transforms: 

p(s)  =  l  p(t)e~”  dt  (Jrs> 0),  (30) 

Jo 

v(s)=f  v(s)e~”  dt.  (31) 

Jo 

It  is  clear  that 

|p(s)|<l.  (32) 

By  using  these  Laplace  transforms,  from  (17),  (28),  and 
(29),  we  obtain 

Pf(s)=oj(s),  (33) 

^M(J)=Po(*)P+(*)«n*)[p~(*)p+(a)]*'S  (34) 

^+i(s)  =  Po+(*)«5'(^)[p'(J)p+(s)]‘-  (35) 

From  (35)  and  (9),  we  derive 


.  .  ,  pS(s)v~(s ) 

qtf{S)  1  -p-(s)pl(s)  ' 


>f  r«p*o=-i 


A  similar  expression  can  be  derived  for  the  case 
y«p*o=+i- 

According  to  (16), 

p±(s)=\-sv±(s).  (37) 

Thus,  the  problem  of  computing  is  reduced  to  the 
problem  of  determining  ti  ~(s).  This  can  be  accomplished  by 
using  the  initial-boundary  value  problem  (14)-(15).  The 
complexity  of  this  task  will  depend  on  the  nature  of  the 
stochastic  process  X,  that  models  the  noise  in  hysteretic  sys¬ 
tems.  It  is  natural  to  require  that  the  stochastic  process  that 
models  the  noise  must  be  a  stationary  Gaussian  Markov  pro¬ 
cess.  According  to  the  Doob  theorem,  the  only  process  that 
satisfies  these  requirements  is  the  Omstein-Uhlenbcck  pro¬ 
cess.  This  process  is  the  solution  to  the  following  Ito  stochas¬ 
tic  differential  equation: 

dX,=  -bX,  dt+or  dW,,  (38) 

where  Mb  has  the  meaning  of  the  correlation  time.  (This 
means  that  X,  and  X,’  are  only  significantly  correlated  if 

|r-r'|=si/b.) 

The  backward  Kolmogorov  equation  for  the  Omstein- 
Uhlenbeck  process  has  the  form 

dv~  a 2  di1 v ~  dv± 

it  -tst  ~bx-^-  (39) 

This  equation  should  be  considered  jointly  with  initial 
and  boundary  conditions  (15).  By  applying  the  Laplace 
transform  to  (39)  and  (15),  we  arrive  at  the  following  bound¬ 
ary  value  problem  for  u“(s): 


a2  d2C±(sj r) 
1  d? 


dv±(s,x) 


-svz(s,x)-  - 1, 


u±(s,c:t)  =  0,  ir±(s,‘»)  =  l/s.  (41) 

The  solution  to  the  boundary  value  problem  (40)-(41) 
can  be  written  in  the  form 

where  are  parabolic  cylinder  functions,  while 

X  =  cr/>/2b. 

Expressions  (36),  (37),  and  (42)  jointly  with  (4)  and  (6)  out¬ 
line  the  main  steps  of  the  solution  of  the  problem  posed  in 
this  paper. 
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The  phenomenological  model  of  magnetization  kinetics  developed  by  Estrin  et  aL  [J.  Phys.  1, 4845 
(1989)]  yields  a  macroscopic  magnetic  equation  of  state  or  magnetic  constitutive  equation  of 
fri-  'onal  form  pjf = f(J  „),  where,  p^H  is  the  internal  magnetic  field,  J „  is  the  irreversible 

,-tic  polarization  and  its  time  derivative.  In  differential  form  the  relation  takes  the  form 
/  =(,llxm)tU,„+Ad{\i\Jm).  The  quantity  A  is  related  to  the  activation  volume  involved  in  the 
j.  vess  of  irreversible  magnetization.  To  obtain  A,  three  different  experimental  techniques  are  used. 

One  involves  the  traversal  of  hysteresis  loops  at  constant  j-m,  from  which  both  and  A  can  be 
obtained  most  directly,  using  a  modified  version  of  a  technique  previously  described.2  The  second 
method  involves  traversing  the  hysteresis  loop  at  constant  p^ft,  and  subsequently  separating  the 
reversible  and  irreversible  components  of  magnetization.  In  the  third  method,  the  parameter  A  is 
obtained  from  magnetic  viscosity  measurements,  which  is  the  technique  most  commonly  used. 

Results  are  presented  for  all  three  experimental  techniques  for  measurements  performed  on 
Alnico-type  permanent  magnets.  The  limitations  of  each  method  will  be  reviewed  in  relation  to 
materials  properties. 


I.  INTRODUCTION 


The  magnetic  state  of  a  ferromagnet  may  be  described 
by  a  constitutive  equation  of  functional  form  p^H  - 
where  p^H  is  the  internal  magnetic  field  intensity.  In  differ¬ 
ential  notation  the  relation  takes  the  form 
/k/f=(l/Tirr)<i/irr+Ad(lnyi„).  Jm  is  the  irreversible  mag¬ 
netic  polarization,  Jm  is  its  time  derivative,  and  is  the 
irreversible  susceptibility  given  by  l/xm 
=  pn(i)H/AJ  and  A  is  related  to  the  activation  volume 
involved  in  the  process  of  irreversible  magnetization,1  de¬ 
fined  by 


dH  \ 


(1) 


examined.  Sample  1  (SI)  was  an  isotropic  specimen  of 
Alnico  7.  Sample  2  (S2)  was  an  anisotropic  specimen  of 
Alnico  5DG  measured  along  its  easy  axis. 

For  the  constant  J,„  experiments,  several  assumptions 
were  made  about  the  relative  proportions  of  /rev  and  and 
about  the  measurement  of  /„» ;  (i)  For  S2,  the  approximation 
Jm~J  (and  Jm—j)  was  made,  due  to  the  relatively  small 
proportion  of  J^,  compared  to  J  over  the  majority  of  the 
hysteresis  loop;  (ii)  assumption  (i)  could  not  be  applied  to  SI 
because  of  the  relatively  large  proportion  of  compared  to 
J.  A  simple  estimate  of  J^v  was  used.  In  this  method  it  is 
postulated  that  the  reversible  susceptibility  xm<  there¬ 
fore  Jm,  is  a  function  of  only  the  magnetic  field  at  which 
is  measured.  By  measuring  Xm  around  a  major  hyster¬ 
esis  loop,  at  a  given  value  of  pyfl  could  be  obtained  by 


Various  techniques  and  models  used  to  describe  irrevers¬ 
ible  and  reversible  magnetization  (and  susceptibility)  have 
been  discussed  in  the  literature.2  In  this  work,  a  general  ex¬ 
perimental  technique  for  the  separation  of  reversible  and  ir¬ 
reversible  magnetization  has  been  developed.  The  technique 
is  phenomenologically  based,  with  no  specific  assumptions 
about  magnetization  processes.  The  measurement  techniques 
described  below  have  been  developed  in  order  to  verify  the 
validity  of  the  magnetic  constitutive  equation,  and  in  particu¬ 
lar  to  determine  and  compare  the  values  of  A  obtained  using 
different  methods. 

II.  EXPERIMENT 

A  permeameter  system  was  developed  to  enable  the  ma¬ 
jority  of  a  hysteresis  loop  to  be  traversed  while  maintaining 
constant.  Two  Alnico  permanent  magnet  materials  were 


f>o" 

7rev(  p0H)=Jn%(paH0)-i  p0\  XsesdH,  (2) 

s  Potto 

where  Jm(pjf  0)  is  usually  (arbitrarily)  chosen  to  be  identi¬ 
cally  zero  at  the  maximum  applied  field,  PoHo=  ~  PoHm*% 
It  is  therefore  possible  to  separate  J,„  from  J  through 
J  =7 ,  which  facilitates  the  measurement  of  hysteresis 
loops  while  maintaining  j ^  constant. 

In  general,  the  reversible  magnetization  is  not  only  de¬ 
pendent  on  the  applied  field,  but  also  on  the  domain  configu¬ 
ration.  The  reversible  magnetization  may  be  expressed  phe¬ 
nomenologically  as2  J m=J kvOnA J v,)  or,  in  differential 
form,  dJm  =  xZvHedH  +  V<Uy,,  where 
=  (MrJUo  and  \^.  In  most 

studies  of  reversible  magnetization,  the  i?  term  is  neglected, 
since  it  cannot  be  measured  directly  from  a  single  hysteresis 
loop.  The  measurements  are  fully  described  by  Cammarano.2 


J.  Apr*.  Phys.  78  (10),  15  May  1M4 


OO21-e978fW75(10)/5481/3/*e.OO 


C 1994  American  InaUMs  of  Physics  5481 


FIG.  1.  vs  fi</f  magnetization  curves  for  Si  measured  with  J^-0. 0317, 
0.0635,  0.159,  0.317,  and  0.635  T/tt,  from  constant  J„  experiments.  The 
inset  shows  detail  around  the  coercive  point,  taken  as  Jm  =0.58  T. 


With  a  functional  form  for  7rev=7„v(jt0H,7jn),  it  was 
possible  to  extract  data  from  experimental 

(J.HoH)  data  for  any  major  hysteresis  loop  measured  with 
an  arbitrary  monotonic  magnetic  field  waveform.  For  sim¬ 
plicity,  the  hysteresis  loop  was  measured  by  using  different 
slopes  (rs)  for  a  linear  ramp.  For  (ex¬ 
periments  always  commenced  at  (2)  was  used  to 

obtain  data,  simply,  in  a  closed  form  solution.  For 

0</rof/,S/i0ffmlI,  an  iterative  procedure  was  devised,2 
since  Jm  was  not  known  a  priori  to  calculate 
iflJ*,)-  With  a  set  of  (J„,pjl)  magnetization 
curves  measured  at  different  rates  (either  constant  jm  or  con¬ 
stant  rs)  it  is  then  possible  to  plot  graphs  of  vs  In  jm 
taken  at  constant  Jm ,  for  different  values  of  Jm.  The  slope  of 
these  curves  is  then  equivalent  to  A  (1).  In  the  case  of  the 
constant  rs  experiments,  the  value  of  j„  was  calculated  by 
performing  a  linear  extrapolation  about  the  given  value  of 

The  third  method  of  calculating  the  parameter  A  is  based 
on  the  magnetic  viscosity  experiment.4  Magnetization  curves 
of  (/in’Moff)  at  constant  can  be  derived  from  the  mag¬ 
netic  viscosity  data,  as  explained  by  Street  el  aL,5  from 
which  A  is  calculated.  The  tests  were  conducted  on  polished 
spheres  of  5  mm  diam  using  a  computer  controlled  Vibrating 
Sample  Magnetometer  (VSM)  with  a  5  T  superconducting 
solenoid. 

HI.  RESULTS 

Examples  of  irreversible  magnetization  curves  are 
shown  in  Figs.  1  and  2  for  SI  and  S2,  respectively.  Note  that 
only  half  the  hysteresis  loops  are  shown  and  that  Jm  was 
arbitrarily  set  to  zero  at  -pitflnu  ■  Also,  if  the  intrinsic  co- 
ercivity  jHe  is  defined  as  the  value  of  field  at  which  Jm  is 
half  the  maximum  value,  the  intrinsic  coercivity  of  SI  occurs 
at  Jfc,** 0.58  T  and  for  S2  at  7j„~1.4  T.  jHc  increases  with 
increasing  magnetization  rate,  as  would  be  expected.  Figure 
1  shows  data  taken  from  constant  )m  experiments  for  SI.  In 
Fig.  2  results  from  ramped  field  experiments  on  S2  are 
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FIG.  2.  Jm  vs  mignerizahoo  curves  for  S2,  derived  from  ramped  field 
experiments,  with  rs  =0.0005, 0.001, 0.002, 0.004, 0.006, 0.015, 0.03. 0.06, 
and  0.1  T/s.  The  inset  shows  detail  around  die  coercive  point,  taken  as 
A-WT. 

shown.  In  both  cases,  the  results  are  consistent,  showing  in¬ 
creased  hysteresis  with  increasing  magnetization  rate. 

An  example  of  a  graph  of  pji  as  a  function  of  In  at 
constant  Jm  is  shown  in  Fig.  3,  taken  from  constant  jm  ex¬ 
periments  performed  on  S2.  The  majority  of  results  showed  a 
similar  nonlinear  functional  form.  Similar  plots  taken  from 
magnetic  viscosity  experiments  showed  a  definite  linear  re¬ 
lationship  between  p/i  and  ln7„  at  constant  Jm .  It  was  for 
this  reason  that  A  was  estimated  as  the  slope  of  the  straight 
line  fit  using  the  lower  values  of  In  jm .  For  the  constant  jm 
experiments  on  SI,  A  was  estimated  as  the  slope  of  the  line 
of  best  fit  using  the  whole  range  of  7m  shown  in  Fig.  1  [Fig. 
4(a)],  Figures  4(b)  and  4(c)  show  the  A  calculated  from 
ramped  field  experiments  using,  respectively,  the  five  and 
four  lowest  values  of  In  A  similar  range  in  In  jm  was 
used  in  calculating  Figs.  4(a)  and  4(b). 

The  quantity  A  derived  for  S2  is  shown  in  Fig.  5(a)  for 
the  constant  jin  experiments  and  Fig.  5(b)  for  the  ramped 
field  experiments.  A  similar  range  in  ln7lrt  was  used  to  de¬ 
termine  A  for  both  sets  of  results.  A  was  calculated  using, 
respectively,  the  four  and  three  lowest  values  of  In/*,  for 


FIG.  3.  pjH  vs  In  si  constant  from  constant  experiments  (nr  the 
anisotropic  Alnico  (S2)  at  7*,=  1.20B  T,  dose  to  the  coercive  point.  Bros 
bars  are  shown. 

Cammarano,  McCormick,  and  Street 
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FIG.  4.  A  vs  J*  for  SI  from  (a)  constant  j  „  experiments,  using  the  whole 
range  of  Ini*,  shown  in  Fig.  1,  (b)  and  (c)  ramped  field  experiments  using, 
^  respectively,  the  five  and  four  lowest  values  of  In  jm  to  calculate  A.  Average 

error  ban  are  shown 

} 

,  Figs.  5(a)  and  5(b).  Figure  6  shows  A  obtained  from  mag¬ 

netic  viscosity  experiments.  It  should  be  noted  that  A  is  plot¬ 
ted  as  a  function  of  the  external  applied  field  yji, ,  at  which 
the  viscosity  test  was  performed,  for  convenience.  The 
-0.05-0.3  T  span  in  ygH.  corresponds  to  a  range  in  yji  of 
about  0-0.18  T  for  SI  and  about  0.066-0.086  T  for  S2. 

IV.  DISCUSSION 

From  Fig.  4(c),  for  SI  over  the  majority  of  the  magneti¬ 
zation  curve,  A  is  almost  constant  with  an  average  value  of 
0.55  mT. 

The  greatest  deviation  from  constancy  occurs  at  both 
high  [also  note  Figs.  4(a)  and  4(b)]  and  low  values  of  Jm, 
regions  in  which  reversible  monetization  processes  pre¬ 
dominate,  and  thus  errors  in  Jm  (and  7^)  are  the  greatest. 
This  should  be  compared  to  the  average  value  obtained  from 
>  magnetic  viscosity  experiments  of  0.41  mT  (Fig.  6).  The  val¬ 

ues  of  7„  used  for  the  calculation  of  A  from  magnetic  vis¬ 
cosity  experiments  were  three  to  six  orders  of  magnitude 
lower  than  those  used  for  the  calculation  of  A  from  either 
constant  or  ramped  field  experiments.  It  is  likely  that 
extrapolation  of  the  latter  data  to  lower  values  of  7^  would 


I  FIG.  5.  A  vs  J„  for  S2  from  (>)  constant  jm  experiments,  using  the  four 

I  lowest  vtlues  of  1 nj*  to  calculate  A  and  (b)  ramped  field  experiments, 

1  using  the  three  lowest  values  of  In  of  the  data  shown  in  Fig.  2  Average 

g  error  bars  ere  shown. 
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FIG.  6.  A  vs  su/f, ,  the  external  applied  field  at  which  a  ngnrfic  viscosity 
test  was  conducted,  for  both  SI  tad  S2  The  line  chawn  through  each  set  of 
data  represents  the  average  value  of  A. 

result  in  a  lower  value  of  A.  In  any  case,  considering  the 
scatter  in  both  sets  of  results,  there  is  reasonable  agreement 
between  the  two  values  of  A  obtained  from  the  two  totally 
disparate  experimental  techniques,  reinforcing  the  validity  of 
using  the  magnetic  constitutive  relation  for  analyzing  time- 
dependent  magnetization.  Also,  the  greatest  errors  in  the  es¬ 
timation  of  A  will  occur  in  materials  in  which  the  reversible 
component  of  magnetization  is  a  relatively  large  proportion 
of  the  total  magnetization,  as  was  the  case  for  the  isotropic 
SI.2 

For  S2,  Fig.  5(b)  shows  a  median  value  of  A  of  about 
0.10  mT.  Comparing  this  value  of  A  with  that  obtained  from 
magnetic  viscosity  experiments  (see  Fig.  6,  noting  the  scatter 
in  the  results)  and  from  constant  j„  experiments  [Fig.  5(a)] 
of  0.12  mT,  the  agreement  is  good.  These  values  of  A  are  in 
excellent  agreement  with  previously  published  results  on 
similar  Alnico  permanent  magnet  materials.4 

The  experimentally  derived  estimate  of  A  will,  in  gen¬ 
eral,  be  dependent  on  the  range  and  magnitude  of  In  7*,  used 
to  calculate  the  slope  of  the  y<fi  vs  In  7^  curve  at  constant 
Jm ,  which  is  equivalent  to  A.  This  study  has  emphasized  the 
need  for  examining  plots  of  yyfi  vs  In  7^  at  constant  J  in 
obtain  A.  In  general,  A  is  a  function  of  both  ytfi  and  Jin . 
The  magnetic  constitutive  relation  suggests  that  it  is  more 
appropriate  to  analyze  A  as  a  function  of  J„,  where  A  is 
determined  over  a  limited  range  of  j^,,  than  to  plot  A  vs 
MpW-  This  is  particularly  significant  if  the  plot  of  vs 
In  7^  at  constant  7j„  is  nonlinear,  as  was  the  case  in  this 
work. 
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A  phenomenological  inherently  vector  hysteresis  model  employing  simple  differentials  as  a  means 
of  keeping  track  of  the  past  history  of  the  magnetic  field  is  proposed.  This  results  in  a  simple  and 
computationally  fairly  efficient  formulation  for  vector  hysteresis  of  any  dimension.  An  expression 
for  determining  model  parameters  from  experimental  data  or  from  the  Preisach  function  is  given. 

The  model  exhibits  rotational  hysteresis  and  reduction  of  remanent  magnetization  by  an  orthogonal 
field  and  reduces  to  the  classical  Preisach  model  in  one  dimension.  Details  concerning  the  numerical 
implementation  are  discussed  and  computational  examples  demonstrating  model  properties  are 
presented. 


I.  INTRODUCTION 

Magnetic  vector  hysteresis  models  are  usually  con¬ 
structed  as  superpositions  of  what  is  sometimes  called  relay 
hysteresis  operators.  A  relay  operator  here  means  an  operator 
that  changes  its  value  reversibly,  unless  the  input  field  leaves 
a  given  region  at  which  point  irreversible  discontinuous 
switching  may  occur,  depending  on  the  present  state  of  the 
operator.  Examples  are  the  Stoner- Woh If arth  model1  and 
various  types  of  vector  Preisach  models;  see  Refs.  2-5, 


(l/r2)[(H-  jj)-dH](H- tf),  if  (H-  ?)rfH>0 
^  0,  otherwise. 


where  we  also  require  that  initially  |H-  rjj’Sr.  Here  (i  is  the 
vector  magnetic  field,  r  is  some  positive  scalar  constant,  and 
9  is  an  output  vector. 

Differential  relations  similar  to  (1),  but  usually  more 
complex,  are  often  used  in  solid  mechanics  to  describe  plas¬ 
tic  stress-strain  relations  (where  they  are  not  usually  referred 
to  as  hysteresis  models;  in  mechanics,  the  convention  is  to 
reserve  the  term  hysteresis  for  cyclic  processes).  More  pre¬ 
cisely,  (1)  is  mathematically  equivalent  to  a  simple  case  of 
classical  plasticity  theory  with  linear  kinematic  hardening 
and  a  von  Mieses  yield  criterion;  cf.  Ref.  6. 

The  relation  between  H  and  q  can  be  interpreted  as  fol¬ 
lows:  If  H  lies  at  a  distance  r  horn  i}  and  moves  in  a  direc¬ 
tion  away  from  tf,  tf  will  be  dragged  toward  H  and  remain  at 
a  distance  r.  Otherwise  tf  will  not  change.  To  visualize  this, 
we  can  imagine  H  and  tf  as  being  connected  by  a  string  of 
length  r.  Thus,  9  is  quite  literally  lagging  behind  H  and 
depends  on  the  past  history  of  H(r).  From  this  analogy  it  is 
obvious  that  we  always  have  |H(r)-^(r)|«r.  In  one  dimen¬ 
sion,  this  is  identical  to  the  so-called  “play”  operator  P, 
illustrated  in  Fig.  1.  The  full  vector  relation  will  be  referred 
to  as  a  “lag”  operator  and  denoted  Lr,  i.e., 

*t)=I,[H](f),  (2) 

is  by  definition  equivalent  to  (1). 


among  others.  This  work  is  concerned  with  representing  a 
complex  hysteresis  operator  by  using  a  set  of  simple  hyster¬ 
esis  operators  that  are  instead  defined  by  an  irreversible  dif¬ 
ferential  relation. 

II.  MOOEL  FORMULATION 

As  the  starting  point  for  the  model  we  use  the  irrevers¬ 
ible  differential  relation. 


and  (H-  1 f)2~r2. 


I 

This  simple  case  of  vector  hysteresis  has  some  interest¬ 
ing  properties.  For  instance,  if  H  at  some  time  is  restrained  to 
vary  along  one  arbitrary  direction  and  increases  indefinitely, 
then  the  orthogonal  component  of  Z.,[H](r)  will  be  asymp¬ 
totically  reduced  to  zero.  This  recalls  the  well-known  fact 
that,  if  H  increases  indefinitely  along  an  easy  axis,  the  or¬ 
thogonal  component  of  the  magnetization  will  be  reduced  to 
zero.2,3’5  If,  on  the  other  hand,  H  is  uniformly  rotating,  then 
f  ,[HXr)  will  asymptotically  approach  a  uniformly  rotating 
vector  lagging  behind  H,  provided  the  field  magnitude  is 
larger  than  r.  The  lag  angle  goes  to  zero  if  the  field  magni- 


F1G  t.  ntuttntfjon  of  the  play  hyacreaie  operator. 
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a) 


b) 


FIG.  2.  QtuRtnQoa  of  L,  operator  notes  for  Mo  types  of  held  variation. 


tudc  goes  to  infinity.  Thus  the  operator  exhibits  rotational 
hysteresis.  Both  these  properties  can  be  shown  by  solving  (1) 
analytically  which  takes  some  work,  and  they  are  also  intu¬ 
itively  quite  natural. 

To  evaluate  the  magnetization  M,  we  postulate,  relating 
it  to  the  set  of  all  lag  operators,  r»0,  through  the  formula 

M(*)=|“q(t^H](f),r)rfr.  (3) 

Here  the  function  q  depends  on  the  material  and  should  be 
adjusted  to  fit  experimental  data.  One  reason  for  this  particu¬ 
lar  choice  of  expression  for  the  magnetization  is  that  for 
fields  restrained  to  one  direction,  the  model  will  be  equiva¬ 
lent  to  the  classical  Preisach  model  (CPM).  This  can  be 
shown  by  representing  the  CPM  with  play  operators  as7 

3f(0=r<f(fM:H](f>,i-)dr.  (4) 

Jo 


uniformly  rotating,  then  M  will  asymptotically  approach  a 
state,  where  it  can  be  separated  into  two  components,  one 
that  is  constant  and  depends  on  the  history  of  H  prior  to  the 
rotation,  and  ooe  that  is  uniformly  rotating  and  lagging  be¬ 
hind  H  This  is  very  similar  to  the  behavior  proved  for  some 
vector  Preisach  models,2  except  that  in  those  models  the  out¬ 
put  becomes  periodic  in  finite  time.  The  fact  that  in  this 
model  M,  like  the  individual  lag  operators,  may  become  pe¬ 
riodic  only  asymptotically  for  a  periodic  input,  makes  it  hard 
to  see  how  the  model  could  be  expressed  by  relay  operators. 
It  is  remarkable  that  the  lag  operator,  despite  being  a  very 
simple  and  mundane  case  of  vector  hysteresis,  cannot  be 
represented  by  vector  Preisach  models. 

A  procedure  for  determining  the  function  q(rgr)  from 
experimental  data  will  be  given.  The  reduction  to  the  CPM 
for  fields  restrained  to  one  direction,  permits  us  to  draw  on 
what  is  known  concerning  the  identification  problem  in  that 
model.  Let  i  denote  the  unity  vector  in  some  arbitrary  direc¬ 
tion  and  define  M “(f/,  ,H2,v),/f  ,2>/f2,  as  the  magnetization 
value  we  get,  if  the  field  is  restrained  to  vary  along  direction 
v  and  goes  from  negative  saturation  to  H,  and  then  to  H2  In 
analogy  with  the  standard  formula  for  the  Preisach  function,2 
we  define  a  function  from 


.«*.*)  =  j 


1 


3H,  3H2 


(6) 


This  is  the  function  that  would  be  used  for  a  scalar  CPM 
restrained  to  direction  v,  except  that  here  it  is  vector  valued 
to  account  for  nonaligned  H  and  M  due  to  anisotropy.  In 
analogy  with  (4),  q(i^r)  is  given  by 


Here  q(  i j,r)  is  given  by 

q(*,r)  =  4f\*(R  +  r,« -')<«,  (5) 

Jo 

where  is  the  Preisach  distribution  function  used  in  the 

conventional  representation  of  the  CPM,2  and  a  and  fl  are  up 
and  down  switching  values  of  elementary  rectangular  loops. 
Since  L,  reduces  to  Pr  in  one  dimension,  it  is  obvious  that 
(3)  is  equivalent  to  (4)  in  the  one-dimensional  case. 

The  CPM  is  associated  with  a  well-known  geometric 
interpretation  of  how  the  past  history  is  accumulated.2  Here 
it  similarly  holds  for  fields  restrained  to  one  direction  that  the 
state  of  the  lag  operators  can  be  collectively  illustrated  by  a 
staircase  function  with  the  individual  links  corresponding  to 
local  field  extrema;  see  Fig.  2(a).  A  case  where  instead  the 
field  is  rotating  with  a  decreasing  amplitude  is  shown  in  Fig. 
2(b).  The  past  history  of  H  is  reflected  in  some  manner  in  the 
collective  state  of  the  lag  operators;  however,  it  is,  at  present, 
uncertain  exactly  what  information  can  be  extracted  from 
such  a  diagram. 

The  expression  for  the  magnetization  inherits  some  basic 
properties  of  the  individual  operators.  If  a  remanent  magne¬ 
tization  has  been  induced  by  a  past  field  value  in  ooe  direc¬ 
tion  y,  it  can  be  reduced  by  applying  a  large  field  in  the 
orthogonal  direction  x.  This  result  follows  readily  from  the 
fact  that  under  such  circumstances,  the  y  component  of  all 
operator  values  will  be  asymptotically  reduced  to  zero,  re¬ 
gardless  of  past  history.  If  for  an  isotropic  material,  H  is 


(7) 

Jo 

Thus  q(igr)  can  be  determined  by  measuring  first-order  re¬ 
versal  curves  in  all  directions,  evaluating  /e(  «,/*.»)  from  (6) 
and  then  using  (7).  For  isotropic  materials,  one  can  show  that 
q(rgr)=(rp1qt)x|q(|i||p-)|  and,  of  course,  in  such  a  case, 
measurements  only  have  to  be  taken  in  one  direction. 

Of  special  interest  is  the  factorization  q(i*r)=p(iy)z(r). 
The  anhysteretic  state  for  a  given  H  is  often  assumed  to  be 
achieved  by  superimposing  a  symmetrical  AC  field  with 
slowly  decreasing  amplitude.  It  can  be  shown,  by,  for  in¬ 
stance,  using  conventional  Preisach  diagrams,  that  at  this 


H/Hc 

FIG.  3.  Anhysteretic  curve  (solid),  virgin  curve,  and  major  loop  (dotted)  for 
the  computational  example. 
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FIG.  4.  Reduction  of  remanent  magnetization  by  orthogonal  field.  The  re- 
manence  waa  caused  by  applying  and  removing  a  field  at 1.1H,,  1  SHC , 
and  iHc ,  respectively 

state  i,[H](<)=H(r)  for  all  r.  Substitution  into  (3)  yields 
that  p(H)  is  equal  to  the  anhysteretic  magnetization  if  z(r)  is 
normalized. 

In  a  numerical  implementation  we  use  a  finite  number  N 
of  lag  operators  and  approximate  (3)  by 
N 

i- 1 

where  tjy  *  *  Z.,/[H](r*).  Equation  (1)  involves  an  integration 
in  time  for  each  operator.  Due  to  the  irregular  nature  of  (1), 
conventional  time-stepping  schemes,  such  as  Euler  forward 
or  Euler  backward,  have  been  found  inaccurate  or  unstable. 
Instead,  the  following  algorithm  has  proved  effective:  Sup¬ 
pose  that  V,.k-\  and  Hk"H(/*)  are  known,  and  that  n  ,  is 
sought.  If  for  a  given  r, ,  |Ht-  t)j  k_  ,]Sr; ,  then  the  operator 
value  has  not  changed  since  rt_,.  If,  on  the  other  hand, 
|Ht- iyj  t_i]>rj  t  it  means  that  i jj  has  been  dragged  toward 
H  during  (r*  t,tk)  and  should  lie  at  a  distance  r;  from  Hg , 
Le.,  |Ht—  zfy.al =r^ .  As  an  approximation  for  the  direction  the 
operator  has  been  moved  in,  we  use  This 

yields 

+  if  Cj>r j, 

otherwise, 

(9) 

where  c;=  This  is  simple,  stable,  and  fast,  and 

can  be  used  to  keep  track  of  past  history  for  any  kind  of  field 
variation  in  any  number  of  dimensions.  It  is  clear  that  tb 
computational  speed,  complexity,  and  storage  requirements 
only  marginally  depend  on  the  number  of  dimensions.  The 
speed  is  of  the  same  order  as  for  two-dimensional  vector 
Preisach  models  composed  of  angularly  distributed  scalar 
models  as  in  both  cases  a  single  integral  is  approximated  by 
a  sum. 

HI.  COMPUTATIONAL  EXAMPLES 

Some  computational  results  illustrating  model  properties 
are  given.  For  the  sake  of  illustration  we  use  an  isotropic 
function,  q(j/,r)=(2Af,/ir)arctan(jjfk)  (trVw)'1  exp 
{-[(r-ffc)/  <»■]*}  with  k=0.2Hc  and  tr=0.4Hc.  Some 


FIG.  S.  Normalized  rotational  and  lire  mating  knees  vs  fiuz  density 
amptitude. 

scalar  properties  for  this  function  are  illustrated  in  Fig  3. 
Figure  4  shows  three  examples  of  how  a  remanent  magneti¬ 
zation  caused  by  applying  and  removing  a  field  in  the  y 
direction  can  be  reduced  by  a  field  in  the  x  direction.  The 
results  are  qualitatively  consistent  with  experimental  litera¬ 
ture  results.  J  Figure  S  shows  losses  for  a  uniformly  rout¬ 
ing  field  and  a  field  alternating  along  one  axis,  respectively, 
versus  the  magnetization  amplitude.  It  is  seen  that  the  rota¬ 
tional  losses  are  in  the  order  of  twice  as  large,  which  agrees 
reasonably  well  with  published  experiments  for  .noderate 
fields.  However,  it  is  generally  agreed  that  the  rotational 
losses  decrease  near  saturation,  cf.  Ref.  8,  which  is  not  re¬ 
flected  in  the  model.  This  could  be  tenutively  attributed  to 
the  fact  that  near  saturation  reversible  processes  begin  to 
dominate  while  the  model  is  fully  irreversible.  It  is  therefore 
possible  that  in  order  to  accurately  describe  a  nearly  satu¬ 
rated  state,  reversibility  must  be  integrated  in  the  model. 
Several  ad  hoc  ways  of  doing  this  and  make  the  rotational 
losses  decrease  near  saturation  can  be  conceived,  but  this 
topic  needs  further  investigation. 

IV.  CONCLUSIONS 

A  new  type  of  phenomenological,  inherently  vectorial 
hysteresis  model  based  on  a  simple  hysteresis  operator  de¬ 
fined  by  a  differential  relation  has  been  presented.  The  model 
is  found  to  be  simple  and  computationally  quite  efficient  in 
any  number  of  dimensions,  and  exhibits  major  features  of 
vector  hysteresis. 

ACKNOWLEDGMENT 

The  authors  wish  to  thank  Professor  I.  D.  Mayergoyz  for 
valuable  discussions. 

‘E.  C.  Srooer  and  E  P.  Wohlflrth,  Tram  R  Soc,  London  24*.  599  (194S). 
2I.  D.  Mayergoyz,  Mathematical  Models  of  Hysteresis  (Springer,  New 
York,  1991). 

3K.  Wicsec  and  S.  R  Champ,  1.  Appl  Phya.  41.  4019  (1987). 

*J.  Oti  and  E  Della  Torre,  J.  Appl.  Ptrya.  47,  5364  (1990). 

5  A  A  Adly  and  t  D.  Mayergoyz,  J.  Appl  Pliys.  73,  5824  (1993). 

*L  H.  Shames  and  F.  A  CozcareUi,  Elastic  end  Inelastic  Stress  Analysis 
(Prentice-Hall,  Englewood  Oitb,  NJ,  1992). 

7P  Krejo,  Appl  Mar.  34,  364  (1989). 

*F.  Fiorilk)  and  A  M.  Rietto,  J.  Appl.  Phya.  73,  6615  (1993). 


9488  J.  Appl.  Phya..  VU.  75,  No.  10. 15  May  1884 


A  Bergqvtst  and  G.  EngdaN 


Matter  aquation  approach  to  anhystarasia  of  noninteracting  particles 

Ivo  Kkk  and  Ching-Ray  Chang 

Department  of  Physics,  National  Taiwan  University,  Taipei,  Taiwan,  Republic  of  China 

J.  Lae 

Department  of  Electrical  Engineering,  Chang  Gang  College  of  Medicine  and  Technology,  Kwei-San, 

Too- Yuan,  Taiwan,  Republic  of  China 

Hysteresis  in  an  array  of  thermally  relaxing,  aligned,  noninteracting  uniaxial  particles  driven  by  a 
periodic  applied  field  with  an  attenuating  amplitude  and  a  dc  bias  is  studied.  The  asymptotic  state 
reached  after  the  ac  component  attenuated  to  zero  has  the  characteristics  of  anhysleretic 
magnetization.  The  convergence  of  the  solution  is  studied,  the  anhysteresis  curve  is  shown  to  tie 
below  the  curve  of  the  equilibrium  magnetization,  a  heuristic  formula  for  the  initial  anhysteretic 
susceptibility  is  proposed,  and  the  effects  of  interparticle  interactions  is  discussed. 


I.  INTRODUCTION 

We  consider  here  a  thermally  relaxing  bistable  system 
driven  by  a  periodic  applied  field  Hm  with  attenuating  am¬ 
plitude  and  constant  dc  bias  H.  This  model  is  applied  to  an 
array  of  noninteracting  single  domain  particles  and  we  cal¬ 
culate  the  asymptotic  (/ — ►«>)  value  M,(H)  of  the  mean  mag¬ 
netization  (M).  It  has  the  linear  characteristics  of  anhyster¬ 
etic  magnetization1  whose  frequency2  (at)  and  temperature3 
( T)  properties  are  studied.  A  discussion  of  the  role  of  particle 
interactions  conclude  this  work. 

Let  the  energy  of  a  single  domain  uniaxial  particle 
aligned  with  applied  field  be  E  =  V[K(l-al) 

-MJf, p^oj  where  V  is  the  activation  volume,  K  the  anisot¬ 
ropy  constant,  M,  the  saturation  magnetization,  and  a3  a 
direction  cosine.  The  nucleation  field  is  H.-2KIM,  and  we 
write  Ajpp  =  .  The  system  is  bistable4  if  <  1 

and  at  small  T  it  may  be  regarded  as  having  two  levels  with 
occupation  numbers  n,  and  n2=  1  -rij  satisfying  the  master 
equation 

ri;  tiijtti'Y  tCjjttj .  {1} 

Here  i*j=\,2,hi=dni/dt,  and  K^hvf)=Kl j2  =  fo 
X  exp[  -  q(Aw) ]  and  K2,(hVP)  =  k12(  -  are  the 
thermal  transition  rates  between  the  two  levels.  The  pre¬ 
factor  is  f0  and  q(hKV)=Q(l  -  Aw)2  is  a  reduced  barrier 
height  where  Q=KVIT  (*s*»  1).  The  reduced  mean  magne¬ 
tization  of  the  ensemble  is  (m(r))  =  {Af(t))/M, 

=  [n2(0  — »t(OJ- 

II.  THE  HYSTERESIS  PROCESS 

We  address  fust  the  rather  trivial  yet  instructive  case  of  a 
piecewise  constant  applied  field 

V(*)=*  +  (-l)‘A(l-*/2A0,  (2) 

where  the  variable  k=2att  takes  on  only  the  integer  values 
0,1,2,... Jiff ,  and  A  is  the  dc  component.  The  amplitude  A  (1 
—k/2N)  vanishes  after  2N  half  periods  of  duration  r=  1/2 to, 
{hvrmh  for  k>2N)  its  initial  value  A  is  chosen  as  follows: 
In  our  system  bistability  exists  only  for  fields  lA,,^  <  1. 
Accordingly,  n,=Oif  h^  »  1  and  n2=Oif  Aw  s  1  and  we 
set  A  =  l-A  so  that  A^(0)  =  1  and  lA^Ol^l  during  the 
interval  on  which  the  ac  component  attenuates.  On  the  Ath 
half  period,  in  constant  field,  die  solution  of  Eqs.  (1)  is 


+  *2i(k)r  '(t)(l  —  e'r,tl'),  (3) 

where  <r,j(*)  =  (t0[Aw(*)]  for  brevity  and  T(*)  =  rc12(*) 
+  (t21(k).  Further,  re( 0,t)  and  n,[Ay(  -  1)|t] 

=  n^A.pp/AllO]  is  the  population  of  the  first  well  at  the  be¬ 
ginning  of  the  Ath  half  period;  with  our  choice  of  the  field 
fli[A,pp(0)|0]  =  /i,[Aw(0)|t]  =  0.  Successive  iterations 
of  Eq.  (3)  yield  the  final  population  after  N  periods  of  dura¬ 
tion  2r 

,  ~  k2A2N) 

n,[A|r]  =  /i,[Aw(0)|T]exp  -t^  HO  +  r(2IV) 

+SN(to,f0\Q,h),  (4) 


2N-2 

s*(<*.,/ole.A)=  2 


/= 0 


<c21(2Af-/-l) 

#e2,  ( 2Af  —  1) 

r(2A/-/-l) 

raN-n 

(5) 


This  equation  has  the  form  of  our  previous  result  for  the 
nonequilibrium  probability  distribution5  integrated  over  the 
domain  of  attraction  of  the  first  well. 

According  to  Eq.  (4)  an  arbitrary  initial  state  is  destroyed 
and  the  final  state  consists  of  the  thermal  equilibrium  distri¬ 
bution  K2l(2A/)/r(2A/)  at  constant  bias  A  and  of  the  sum 
Sn(to,f0\Q,h).  To  study  its  dependence  on  N  and  to  we  shall 
consider  first  the  A=0  case  where  it  is  known6  that  the  an¬ 
hysteretic  magnetization  is  zero  so  that  n j[A| t]|a_0 
=  *21(2A/)/r(2A/)|>«0=l/2.  The  first  term  in  the  sum  SN 
is  2  l  tanh(0/At)  exp(-/0ui',e~0)  and  the  series  itself  is 
estimated  by  the  integral 

|S*(w,/0|£?,0)|s^  dy  y  expj  ~  ye~° j 


Q  I  at 

~2N  \To 


(6) 


Certainly,  to  every  Q,  and  to  there  exists  N  such  that  the 
integral  (8)  is  arbitrarily  small  (the  sum  is  identically  zero  if 
the  system  remains  in  thermal  equilibrium,  <o=0),  neverthe- 
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FIG.  1.  A  sample  plot  of  anhyslrrcws  curves  obtained  as  limiting  values  of 
Fit]  (8)  for  the  field  (7).  To  improve  convergence  we  used  the  unrealistic 
system  values  0=12  and  /0-r'°  Hz  Sweep  rates  are  w=e‘  Ha  {un¬ 
marked),  e2  Ha  (star),  el  Hz  (cross)  and  e4  Hz  (circle).  Number  of  sweeps 
N<  104.  The  dashed  line  denotes  mjk)  *  m,(A). 


FIG.  2.  The  derivatives  dm,(0)/dA-[iu,(iiii)  m,(0)]/4A  calculated 
from  Eq.  (8)  vs  field  (7)  with  realistic  prefactor  /0=e25  Hz  and  realistic 
values  of  the  reduced  barrier  height  Q  =  KV/T.  Because  of  convergence 
problems  these  results  arc  qualitative  only  and  we  retrain  from  identifying 
the  sweep  rates  at  equally  spaced  on  a  logarithmic  scale.  The  high  T  section 
of  dmjdh  approaches  the  equilibrium  value,  the  low  T  section  is  described 
by  Eq.  (9). 


less,  this  estimate  bodes  ill  for  numerical  calculations  based 
on  the  system  (1)  since  while  /0— e25  Hz  one  also  has 
2—40-50  for  commercial  particles  at  room  temperature 
and  many  sweeps  are  required  to  satisfy  the  condition 
|S*(ti>,/0|2,0)|— >0.  Numerical  tabulations  show  that  as  a 
function  of  N  the  sum  |5v(tii,/a,|g,0)|  decreases  initially 
fairly  rapidly  to  values  —0.025  corresponding  to 
|m4(0)|— 0.05  but  unless  oiec//0— 1  further  approach  to  zero 
is  exceedingly  slow.  This  convergence  problem  is  known 
from  numerical  simulations7  and,  as  Eq.  (6)  shows,  becomes 
ever  more  intractable  as  to  and  Q  grow;  a  nonzero  bias,  q(h) 
<Q,  improves  the  convergence.8 

A  quantitative  calculation  of  the  anhysteresis  curve  for 
realistic  values  of  /„  and  Q  is  thus  hardly  practicable.  Nev¬ 
ertheless,  any  solution  of  the  set  (1)  tends  ipso  facto  to  ther¬ 
mal  equilibrium,  regardless  of  the  choice  of  Q  and  and 
this  property  makes  it  suitable  for  studying  the  qualitative 
features  of  anhysteresis  using  some  smaller  values  of  f0  and 
Q.  The  improved  convergence  then  allows  one  to  study  not 
only  process  (2)  but  also  the  smooth  field 

*w0)=fc  +  (l-h)(l-«<Woos2iru>t  (7) 

for  which  the  solution  of  Eqs.  (1)  becomes 

n,[*|r]=n1[Aw>(0)|0]exp|-|o  dt‘  r(f') 

dt’T(t")  .  (8) 

A  sample  plot  of  anhysteretic  curves  mjh)  calculated 
from  Eq.  (8)  is  compared,  in  Fig.  1,  with  equilibrium 
magnetization  m^h)  =  tanh  2Qh.  There  is  always 

m.(h)«mt<|(h)  [because  dq(h)/dh«0]  and  the  initial  slope 

dm,(0)/dh  decreases  with  increasing  sweep  rate  to.  For  suf¬ 
ficiently  large  bias  mjh)  approaches,  as  expected,  m^h) 


*fo  dt'  *2i('')exp  -J_ 


again.  The  initial  slope  dm,(0\to,T)/dh  may  either  be  cal¬ 
culated  for  the  unrealistic  small  values  of  QJ0,  and  was 
was  done  above  or  (approximately)  also  for  the  much  larger 
physical  values.  The  derivative  namely,  dmJ0)/dh 
—  [m,(dh)-m,(0)]/rfA,  changes  very  little  after  a  suffi¬ 
ciently  large  number  of  periods,  i.e.,  the  curve  mjh)  shifts 
almost  rigidly  in  the  h  -  m,  plane.  The  derivative  is  therefore 
far  easier  to  calculate  than  mjh)  proper. 

The  functions  dmJ0\to,T)ldh,  shown  in  Fig.  2,  obvi¬ 
ously  consist  of  two  linear  segments  separated  by  a  transition 
region.  Both  Eqs.  (4)  and  (8)  yield  essentially  the  same  re¬ 
sults  and  we  shall  refer  here  to  Eq.  (4)  where  the  state  of 
thermal  equilibrium  is  explicitly  singled  out.  The  high  tem¬ 
perature  linear  section  of  dmjdh  corresponds  obviously  to 
states  close  to  the  thermal  equilibrium  where  tT(*)  is  very 
large,  be  it  on  account  of  the  small  sweep  rate  or  high  tem¬ 
perature.  This  regime  is  reached  for  slow  sweeps  at  lower 
temperatures  than  for  fast  ones.  The  low  temperature  linear 
region,  on  the  other  hand,  is  to  dependent  and  deviates 
strongly  from  the  equilibrium  curve.  An  analysis  of  numeri¬ 
cal  data  suggests  for  this  region  a  heuristic  formula 


dm,(0\u>,T)  „  .  ,  /0  .  •#  .  fo 

- -77 - -.4  In2  —  +-=  In  —  , 

an  o>  T  to 


where  .A  and  J?are  (possibly  amplitude6  dependent)  empiri¬ 
cal  constants  to  be  determined  experimentally. 


M.  CONCLUSION 

We  wish  yet  to  discuss  the  possible  effects  which  inter¬ 
particle  interactions  have  on  anhysteretic  magnetization  and 
of  the  means  by  which  these  effects  may  be  studied.  Interac¬ 
tions  introduce  a  spectrum  of  local  fields  such  as  are  em¬ 
ployed  by  the  Preissach  model.9  The  spectrum  is  determined 
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by  sample  geometry  but  the  relative  intensity  of  tbe  local 
fields  depends  on  tbe  immediate  configuration  of  tbe  en¬ 
semble,  i.e.,  on  time.  The  mean  interaction  field,  estimated10 
as  proportional  to  tbe  sample  magnetization,  hm=  a(m),  en¬ 
hances  tbe  transition  probabilities  .  We  used  11  our  proba¬ 
bilistic  method  to  calculate  the  coercivity  hc(ui,T[a)  and 
found  it  to  be  decreasing  approximately  linearly  with  a.  The 
mean  field  model  is  immediately  applicable  to  the  set  (1)  but 
no  qualitatively  new  features  are  introduced.  These  are  en¬ 
countered  in  tbe  system  formed  by  a  pair  of  magnetostati- 
caliy  coupled  identical  uniaxial  particles.12  This  system  is  at 
most  tristable  ratable  and  its  evolution  may  be  described  by 
the  occupation  numbers  ir,,it2  and  n3-l-ti1-n2  corre¬ 
sponding  to  the  physically  distinct  configurations  TT,  Tl,  and 
jj.  Tbe  magnetization  (m)^2(nl-n})  in  tbe  field  (2)  is 
easily  found  but  its  interpretation  is  rendered  difficult  by  the 
presence  of  the  intermediate  state  1 1  whose  occupation  num¬ 
ber  n2  constitutes  a  new  degree  of  freedom.  Clearly,  the  hys¬ 
teresis  properties  of  this  system  must  be  mastered  first,  be¬ 
fore  the  far  more  complicated  anhysteretic  effects  can  be 
addressed.  A  favorable  geometric  arrangement  of  the  two 
particles  may  again  enhance  the  rate  of  thermal  reversals 
which  then  take  place  even  at  temperatures  at  which  the  in¬ 
dividual  components  are  stable.  Within  the  bistable  model  of 
nonintcracting  particles  anhysteretic  magnetization  satisfies 
the  inequality  and  this  property  is  retained  also 

within  the  mean  field  theory.10  At  small  h  the  equilibrium 
magnetization  of  an  interacting  system  may  be  (depending 
on  geometry)  much  smaller  than  the  equilibrium  magnetiza¬ 
tion  of  the  individual  components  and  the  variation  of  anhys¬ 
teretic  magnetization  is  therefore  constrained  to  a  narrower 
interval.  We  therefore  conjecture  that  interparticle  interac¬ 
tions  also  extend  the  field  range  over  which  ma(h)  is  ap¬ 
proximately  linear  in  the  dc  bias  h. 


J.  Appt.  Phys.,  VOi.  75.  No.  10, 15  May  1994 


To  sum  up,  we  have  shown  that  anhysteretic  effects  fol¬ 
low  quite  naturally  from  tbe  theory  of  thermal  relaxation.  For 
realistic  noninteracring  particles,  however,  an  anhysteretic 
curve  distinct  from  m^h)  could  only  be  observed  in  prac¬ 
tice  at  extremely  high  sweep  rates  u  (compare  Fig.  1).  It  is 
interparticle  interactions  which  enhance  the  relaxation  rates 
and  make  anhysteresis  observable  also  at  lower  frequencies; 
moreover,  by  tbe  conjecture  of  the  preceding  paragraph,  they 
also  extend  the  range  of  the  desirable  linear  dependence  of 
ma(A)  on  h. 
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Scaling  aapacts  of  domain  wall  dynamics  and  Barkhauaan  effect 
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It  is  shown  through  theoretical  considerations  on  stochastic  domain  wall  motion  in  a  perturbed 
medium  with  quenched- in  disorder  that  the  Barfchausen  signal  v ,  as  well  as  the  size  Ac  and  duration 
Au  of  Barfchausen  jumps  follow  scaling  distributions  of  the  form  i>  Ax-^,  Au'r,  where  o=l-c, 
f}=3/2-cJ2,  y=2-c,  and  e  is  proportional  to  the  magnetization  rate.  In  order  to  test  these 
predictions,  Barfchausen  effect  experiments  were  performed  on  polycrystalline  SiFe  alloys. 
Preliminary  experiments  to  determine  both  the  absolute  value  and  the  c  dependence  of  the  measured 
exponents  are  in  agreement  with  the  theoretical  predictions. 


I.  INTRODUCTION 

There  have  been  widespread  attempts  in  'he  past  to  de¬ 
scribe  the  most  evident  feature  of  the  Barfchausen  Effect 
(BE),  the  existence  of  Barfchausen  jumps  (BJ),  in  terms  of 
clustering  of  elementary  domain  wall  (DW)  displacements 
triggered  by  some  local  instability. u  More  recently,  there 
has  been  renewed  interest  in  BE  scaling  properties,3  and  in 
their  connection  with  so-called  self-organized  criticality.4 
These  studies  have  led  to  experimental  estimates  of  the  scal¬ 
ing  exponents  describing  the  distribution  of  BJ  size  and  du¬ 
ration,  but  the  derivation  of  these  exponents  from  physical 
models  is  still  at  a  preliminary  stage. 

In  this  paper  we  discuss  BE  scaling  properties  in  the 
frame  of  the  Langevin  approach  developed  in  Ref.  5,  where 
the  BE  is  associated  with  stochastic  DW  dynamics  in  a  me¬ 
dium  with  quenebed-in  disorder.  This  description  leads  to 
two  basic  results:  (il  there  exists  a  dimensionless  parameter 
c,  such  that  the  DW  motion  has  a  jerky  character  and  pro¬ 
ceeds  by  BJs  when  c<l,  whereas  it  is  continuous  when 
c-1;  (ii)  when  c<l,  there  exist  BJs  widely  distributed  in 
size  and  duration,  and  characterized  by  self-similar  proper¬ 
ties.  In  this  paper,  we  show  that,  in  the  c<l  regime,  the 
distributions  of  BJ  size  Ax  and  duration  Au  follow  scaling 
laws  of  the  form  (Ax)~^  and  (Au)-*,  with  fi=3!2-c[2  and 
y=2-c. 

These  predictions,  which  are  in  qualitative  agreement 
with  recent  data,3’4  were  tested  through  BE  measurements 
under  controlled  values  of  permeability  and  magnetization 
rate,  whereby  independent  estimates  of  fi,  y,  and  c  could  be 
obtained.  This  permitted  a  test  of  the  theory  with  no  adjust¬ 
able  parameters. 

II. MOOEI. 

In  Refs.  5  and  6,  DW  dynamics  is  described  in  terms  of 
a  single  degree  of  freedom  subject  to  viscous-like  friction 
(i.e..  Joule  dissipation  through  eddy  currents).  This  leads  to 
an  equation  of  the  form  vDy,«Hp-kxDV~Hp(xoai),  where 
Vjm  is  the  DW  velocity,  xDW  is  the  DW  position,  H,  is  the 
applied  field,  kxDW  is  the  restoring  force  due  to  magneto¬ 
static  effects,  and  Hp(x0 w),  describing  DW  pinning  interac¬ 
tions,  is  a  random  function  of  the  DW  position.  By  taking  the 
time  derivative  of  the  previous  relation  and  by  assuming,  as 


is  commonly  the  case  in  BE  experiments,  that  the  applied 
field  increases  in  time  at  a  constant  rate,  we  obtain,  in  terms 
of  convenient  dimensionless  variables  [u  for  time,  x  and 
v  =  dxldu  for  the  DW  position  and  velocity,  hp(x)  for  ap¬ 
plied  and  pinning  fields],  the  equation 


Quantitative  predictions  are  worked  out  by  making  specific 
assumptions  on  the  random  process  hp(x).  The  properties  of 
hp(x)  have  been  experimentally  investigated7  for  some  spe¬ 
cial  systems  containing  a  single  active  DW.  it  was  found  that 
hp(x)  can  be  approximately  described  by  the  Wiener-Levy 
(WL)  process,  i.e.,  hp(x)  is  a  process  with  independent  in¬ 
crements  dhp  characterized  by  (dhp)  = 0, 

(\dhp\2)=*2  dx- 2v  du.  Under  this  assumption,  the  prob¬ 
lem  can  be  solved  considering  the  Fokker-Pl.mck  equation 
for  the  conditional  probability  density  />(n,u|o  ,):5 

9P  9  I  9P\ 

((o-c  +  DP+ti— )=0.  (2) 

In  particular,  the  stationary  amplitude  distribution  P,(v)  is 
given  by 

P"<t,>  =  f(c)  (3) 

According  to  Eq.  (3),  the  behavior  of  d(u)  changes  dras¬ 
tically  when  c  crosses  the  value  c  =  1.  Computer  simulations5 
show  that,  for  c<  1,  v(u)  is  made  of  a  random  sequence  of 
BJs  widely  distributed  in  size  and  duration.  The  power-law 
divergence  in  Py(v)  suggests  the  existence  of  scaling  prop¬ 
erties  in  the  distribution  of  such  BJs.  In  order  to  clarify  this 
point,  let  us  consider  the  region  n<l,  where  the  v  term  in 
the  expression  (o  -  c  + 1 )  of  Eq.  (2)  is  negligible  and  Eq.  (3) 
becomes  Pu( v)~vc~'.  This  also  corresponds  to  neglecting 
the  v  term  of  Eq.  (1),  i.e.,  dv/du-c^-dh^du.  This  ap¬ 
proximate  equation  describes  a  self-similar  process,  because 
it  is  invariant  with  respect  to  a  change  of  both  u  and  u  by  the 
same  scale  factor  k.  In  fact,  when  v—>kv  and  u—>ku, 
x  =  /o  du—>k2x  and  (\dhp\2)  =  2  dx~>k2(\dhp\2),  i.e.. 
hp~*khp. 

In  order  to  apply  these  results  to  the  analysis  of  BJ  scal¬ 
ing  properties,  we  need  to  club  /  how  Barfchausen  jumps  can 
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be  detected  for  a  self-similar  process  like  u(u).  In  fact,  de¬ 
ciding  whether  the  DW  is  jumping  (u  >0)  or  not  (t>  sO)  de¬ 
pends  on  one’s  ability  to  resolve  fine  v(u)  details.  This  can 
be  dealt  with  through  the  introducion  of  the  resolution  coef¬ 
ficient  r**l  in  u  and  v  estimates,  i.e.,  by  assuming  that  we 
are  able  to  measure  u  and  v  in  units  0,  r,  2 r,...,  only,  so  that 
u=ri)  or  v 30  whenever  u<r  or  v<r.  Given  the  resolution  r, 
the  mean  BJ  duration  (A u)  is  proportional  to  the  probability 
that  v>r ,  estimated  from  Eq.  (3).  With  r<Sl  and  c«*l,  we 
obtain 

(Au)«Prob(r;>r-)=l  —  I  dv  Pu(v)=‘\-rc .  (4) 

Jo 

Let  us  now  consider  the  distribution  P(\u;r)  of  BJ  dura¬ 
tions.  Given  the  self-similar  nature  of  the  process,  P(Au;r) 
is  a  function  of  A u/r  only,  of  the  form  />(Au/r)-~(Au/r)“T 
The  resolution  r  allows  us  to  detect  jumps  of  minimum  du¬ 
ration  Au  —  r.  On  the  other  hand,  the  characteristic  relaxation 
time  of  Eq.  (1),  equal  to  unity,  forbids  jump  durations  Au»>l. 
This  means  that 

(Au)«J  d(\u)  Au|  —  j  °tl-r2-y.  (5) 

By  comparing  Eqs.  (4)  and  (5),  we  obtain  y=2-c. 

Similar  considerations  can  be  made  for  the  distribution 
P(Ax;r)  of  BJ  sizes.  The  first  point  is  to  redefine  Eq.  (3) 
when  we  consider  the  probability  of  finding  a  given  v  value 
at  a  random  position  x  rather  than  at  a  random  time  u.  It  is 
easily  checked  that  this  introduces  an  extra  v  factor  in  Eq. 
(3),  which  thus  becomes  Pr(u)  =  vc  exp(-v)/r(c  +  l).  The 
mean  BJ  size  (Ax)  can  be  estimated  from  this  expression  in 
the  same  way  (Au)  was  estimated  from  Eq.  (3): 

(Ax)«l-['dv  Px(v)~l-rc+I.  (6) 

Jo 

Since  x  scales  like  fv  du,  the  distribution  P(Ax;r)  of  BJ 
sizes  is  a  function  of  A x/r2  only,  of  the  form 
P(Ax/r2)~(Ax/~2)'^.  Under  the  resolution  r,  the  minimum 
detectable  jump  size  is  A x~r2,  and  the  cutoff  at  Au  =  1  and 
v  =  1  forbids  jump  sizes  Ax  8>1 .  This  means  that 

(Ax)-xJ'd  (Ax)  Ax|^j  (7) 

By  comparing  Eqs.  (6)  and  (7),  we  obtain  ft=3/2-c/2.  Fi¬ 
nally,  it  is  worth  remarking  that  Eq.  (3)  also  has  a  scaling 
structure,  with  a  scaling  exponent,  say  a,  equal  to  1-c.  In 
conclusion,  we  have  the  following  result: 

DW  velocity:  P(v)~v~a ,  o=l-c; 

BJ  size:  P(Ax)~(Ax)“@,  0=3/2-c/2; 

BJ  dt  jtion:  P(Au)~(Au)_r,  y=2  — c. 

III.  EXPERIMENTAL  RESULTS 

The  BE  experiments  were  performed  on  polycrystalline 
Si-Fe  alloys.  Single  strips  (f  •'gth  20  cm,  width  1  cm,  and 
thickness  0.18  mm)  of  1.8  wt  y'c  Si-Fe  (electrical  conductiv¬ 
ity  <r=2.76X106  O"1  m_l)  were  placed  in  a  solenoid  and 
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FIG.  1.  Time  behavior  of  BE  flux  rare  4>.  Dimensionless  quantities  u  =  ll 
aGSfi  and  v  =  {aGIASix)Q  are  shown.  r=0.1  is  the  resolution  parameter 
used  in  the  determination  of  BJ  distributions.  Definition  of  BJ  duration  Au 
and  BJ  size  Ax  is  shown  in  the  inset. 


magnetized  by  a  triangular  primary  current  waveform  of 
variable  frequency.  A  flux-closing  NiFe  yoke  was  used  to 
reduce  the  reluctance  of  the  magnetic  circuit.  The  specimen 
was  placed  in  a  double  mu-metal  box  and  all  measurements 
were  performed  in  a  shielded  room  in  order  to  prevent  elec¬ 
tromagnetic  disturbances.  The  BE  signal  was  detected  by  a 
narrow  50  turn  coil  placed  in  the  middle  of  the  strip.  The 
noise  analysis  was  restricted  to  a  magnetization  interval  of 
0.3  T  around  the  central  part  of  the  saturation  hysteresis  loop. 
In  this  region,  the  differential  permeability  /x=dB/dHg  is 
fairly  constant,  and  the  application  of  a  constant  external 
field  rate  Ha  gives  a  stationary  BE  process  associated  with 
well-defined  values  of  n  (jjJfio=  14  300  in  the  present  ex¬ 
periments)  and  of  the  magnetization  rate  /  =  fiHa  (for  a  more 
complete  description  of  the  experimental  setup  see  Ref.  5). 

According  to  the  theory,5  the  dimensionless  quantities  u, 
V,  and  x  appearing  in  Eqs.  (l)-(7)  are  defined  as  u  =  f/r, 
v=(<rG/AS/i)<&,  x~  fv  du,  where  t  is  the  time,  <P  is  the 
induced  flux  rate  per  coil  turn,  r=crGSfi  is  the  time  constant 
controlling  the  decay  of  magnetostatic  fields,  S  is  the  speci¬ 
men  cross-sectional  area  (5  =  1.8x10  6  m2),  G  =0.1357,  and 
A  is  a  microstructural  parameter  measuring  the  strength  of 
local  pinning  interactions.  The  parameter  c={v)=(<rG/ 
ASfi)SI  is  proportional  to  the  average  magnetization  rate  /. 
Therefore,  varying  c  values  were  simply  obtained  by  control¬ 
ling  the  applied  field  rate  Ha=llfi.  The  value  of  A  was  de¬ 
termined  through  measurements  of  the  BE  power  spectrum.5 
For  the  present  material  A  =8X10*  A2  m-2  Wb-1,  which  im¬ 
plies  c  =  2.6 /. 

Figure  1  shows  the  typical  measured  time  behavior  of 
v(u).  As  discussed  in  the  previous  section,  given  a  threshold 
r,  the  BJ  duration  Au  is  defined  as  the  time  interval  between 
the  two  successive  points  for  which  the  signal  [v(u)>r] 
crosses  the  threshold.  Correspondingly,  the  BJ  size  Ax  is  the 
area  of  the  signal  between  the  two  points.  The  log-log  his¬ 
tograms  of  the  relative  frequency  of  occurrence  of  different 
v,  Au,  and  Ax  values  (c=0.11)  are  shown  in  Fig.  2.  P( Ax) 
and  P(\u)  exhibited  a  similar  well-defined  slope  in  all 
cases,  which  permitted  a  reliable  determination  of  the  expo¬ 
nents  ft  and  y  (broken  lines).  This  was  not  the  case  for 
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FIG.  2.  Log-log  plot  of  v  distribution  P„(v),  BJ  duration  distribution 
/’(Au)  and  size  distribution  P(\x)  Broken  lines  are  best  fit  lines, 
giving  exponents  /)  and  y.  The  continuous  line  of  slope  c-1  is  shown  for 
comparison. 

Pu( v),  where  the  presence  of  large  fluctuations  in  the  distri¬ 
bution  at  low  v  and  the  dominant  role  of  the  exponential 
cutoff  at  large  v  made  the  determination  of  a  quite  unreli¬ 
able.  The  continuous  line  in  the  figure  shows  that  these  data 
are,  at  least,  consistent  with  the  expected  law  Pu(v)~ vc~l. 

The  symbols  in  Fig.  3  show  the  behavior  of  /3  and  y  vs 
c  (i.e.,  vs  /)  obtained  from  this  analysis.  The  continuous  lines 
are  the  theoretical  predictions  previously  discussed.  Both  the 
absolute  value  and  the  c  dependence  of  the  exponents  are 
well  described  by  the  theory.  It  is  worth  remarking  that  this 
comparison  does  not  involve  any  adjustable  parameter. 

IV.  DISCUSSION  AND  CONCLUSIONS 

BE  scaling  properties  have  recently  been  the  subject  of 
several  investigations.3'4'8'1’  Interesting  results  were  obtained8 
by  applying  the  methods  of  fractal  geometry  to  the  analysis 
of  the  BE  signal.  These  authors  find  that  BE  behaves  like  a 
self-affine  process  describable  in  terms  of  fractional  Brown¬ 
ian  motion  processes,  with  fractal  dimensions  in  the  range 
1.5— 1.7  (the  standard  random  walk  process  corresponds  to 
the  value  1.5).  The  analysis  presented  in  our  paper  is  based 
on  the  assumption  that  the  local  pinning  field  experienced  by 
the  DW  can  indeed  be  described  as  a  space  random-walk 
process.  This  is  reflected  by  the  fact  that  the  distribution  of 


FIG.  3.  Measured  behavior  of  0  and  y  vs  c  =  2.6/.  Continuous  lines 
are  theoretical  predictions.  No  adjustable  parameter  is  involved  in  die 
comparison. 

BJ  sizes  in  the  limit  c— >0  has  a  scaling  exponent  of  1.5.  In 
fact,  in  this  limit  the  BJ  sizes  correspond  to  the  segments 
obtained  by  cutting  the  Hp(x)  function  with  a  line  of  con¬ 
stant  height  Ha  (the  time  variation  of  Ha  in  a  BJ  can  be 
neglected  if  c  is  small),  and  it  is  known10  that  this  gives  a 
distribution  of  segment  lengths  with  exponent  1.5. 

The  results  obtained  in  Ref.  8  suggest  a  generalization  of 
the  present  approach,  where,  in  the  equation 
v’*ha(u)-x-hp(x),  hp(x)  is  a  fractional  Brownian  motion 
process,  spanning  a  continuous  range  of  fractal  dimensions. 
Future  work  will  be  devoted  to  the  study  of  the  scaling  prop¬ 
erties  of  this  class  of  stochastic  processes. 
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The  magnetic  entropy  change,  45  (hence  the  heating  or  cooling)  of  ferromagneticaUy  coupled 
magnetic  clusters  induced  by  an  application  of  a  magnetic  field  is  substantial  and  occurs  over  a 
broad  temperature  range.  This  behavior  contrasts  with  a  ferromagnetic  material,  where  larger 
entropy  changes  can  be  obtained,  but  only  over  small  temperature  ranges  dose  to  the  Curie  point. 

Monte  Carlo  simulations  have  been  carried  out  to  obtain  45  when  the  spins  are  subjected  to  uniaxial 
anisotropy  fields.  While  previous  calculations  for  interacting  spins  showed  increases  in  the  Curie 
temperature  and  enhancements  of  45  in  the  vicinity  of  the  Curie  point  with  increasing  anisotropy, 
the  present  results  for  interacting  clusters  show  similar  increases  in  the  temperature  of  45  peaks 
accompanied  by  decreases  in  the  peak  values  of  45.  These  results  show  that  the  flattening  of  the  45 
peaks,  which  make  superferromagnetic  materials  valuable  for  magnetic  refrigeration  is  assisted  by 
the  presence  of  uniaxial  anisotropy.  Some  effects  on  45  of  placing  the  spins  on  fixed  BCC,  FCC, 
and  sc  lattices  are  reported. 


I.  INTRODUCTION 

The  magnetocaloric  effect  is  the  adiabatic  temperature 
shift  induced  in  a  magnetic  material  due  to  the  change  in  an 
externally  applied  magnetic  field.  The  changing  field  induces 
a  change  in  the  material’s  magnetic  entropy,  and  this  can  be 
quite  substantial  in  the  immediate  vicinity  of  the  Curie  tem¬ 
perature  of  a  ferromagnet.  The  phenomenon  has  potential  for 
specialized  implications  as  a  refrigerator,  air  conditioner,  or 
heat  pump1,2  For  utilization,  it  is  desirable  to  have  a  device 
that  operates  with  modest  applied  magnetic  fields  and  over 
temperature  ranges  greater  than  just  a  few  degrees  of  a  Curie 
point.  As  we  have  discussed  previously,3'4  one  possibility  is 
to  employ  samples  consisting  of  ferromagneticaUy  interact¬ 
ing  superparamagnetic  clusters.  Anisotropy  inevitably  occurs 
in  such  systems  and  the  main  purpose  of  the  present  work  is 
to  consider,  for  the  first  time,  Monte  Carlo  results  for  the 
effects  of  uniaxial  anisotropy  on  an  array  of  superparamag¬ 
netic  particles  with  the  sign  and  the  axis  of  the  anisotropy 
term  such  that  the  spins  are  aligned  parallel  to  the  applied 
magnetic  field.  The  effects  of  anisotropy  on  a  FCC  system  of 
ferromagneticaUy  coupled  individual  spins  were  reported 
previously.  They  differ  in  an  important  way  from  the  present 
results,  and  in  order  to  see  this,  results  wiU  be  reported  here 
for  both  individual  and  superparamagnetic  clusters  of  spins 
both  with  and  without  anisotropy  terms.  The  effect  on  45  of 
going  from  BCC  to  FCC  and,  in  turn,  simple  cubic  arrays  of 
spins  will  also  be  included. 

It  will  be  seen  that  the  combination  of  having  superpara¬ 
magnetic  particles  and  a  suitably  orientated  anisotropic  term 
contribute  to  broadening  the  temperature  range  over  which 
significant  magnetic  entropy  changes  may  be  made. 

II.  CALCULATIONS  AND  RESULTS 

Monte  Carlo  simulations  are  carried  out  using  the 
Hamiltonian, 


£  =  2  2  (1) 

to  obtain  the  magnetization  as  a  function  of  H  and  T.  For  a 
cluster  of  “p”  spins,  p-ppB .  The  exchange  constant,  J, 
which  represents  the  interaction  between  clusters,  does  not 
depend  on  cluster  size.  The  interaction  is  limited  to  near 
neighbors,  an  appropriate  approximation  when  dealing  with 
interactions  between  clusters  of  spins.  (Extending  the  inter¬ 
action  to  longer  range  would  bring  the  simulation  closer  to  a 
mean  field  description.5)  When  the  uniaxial  anisotropy,  A  >0, 
magnetization  is  favored  in  a  direction  parallel  to  the  applied 
magnetic  field,  H.  The  entropy  change  associated  with 
changing  the  magnetic  field  is3'4,6 


From  the  magnetization  data,  the  entropy  is  calculated  by 
integrating  Eq.  (2)  over  finite  elements. 

The  Monte  Carlo  calculations  employ  a  20X20x  20  lat¬ 
tice  with  periodic  boundary  conditions.  In  the  sampling, 
Heisenberg  spins  are  chosen  at  random  and  flipped  to  a  ran¬ 
dom  orientation,  and  the  Metropolis  criterion  is  used  to  de¬ 
termine  whether  the  new  spin  array  is  kept.  For  each  value  of 
field  and  temperature,  every  spin  is  reoriented  an  average  of 
2X104  times.  Variations  in  cell  size  and  run  length  are  used 
to  assure  that  the  essential  features  of  the  results  reported  are 
not  overly  sensitive  to  the  choice  of  these  parameters,  as 
discussed  earlier.3 

The  results  of  Monte  Carlo  simulations  of  the  entropy 
change,  45,  induced  by  removal  of  a  1  T  magnetic  field  for 
the  simple  cubic  (SC),  body-centered-cubic  (BCC),  and  face- 
centered -cubic  lattices  are  shown  in  Fig.  1.  A  value  of  p=  1 
and  an  exchange  value  of  Jlk=l  K  (where  *=the  Boltz¬ 
mann  constant)  are  used  in  all  three  lattices.  The  small  value 
of  J/k  is  responsible  for  the  small  Curie  points,  Tc,  in  the 
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FIG.  1.  Monte  Carlo  simulations  of  the  entropy  change  A5  induced  by 
removal  of  a  1  T  magnetic  field  for  systems  of  classical  Heisenberg  spins  for 
three  lattices  without  anisotropy. 

figure,  which  occurs  near  the  A S  peaks.  The  use  of  a  larger 
Jlk  value  would  not  qualitatively  affect  the  results  to  come 
in  this  paper.  If  the  Rushbrooke  and  Wood7  values  for  Jlk 
(0.346  for  SC,  0.2425  for  BCC,  and  0.1572  for  FCC)  were 
used,  all  three  peaks  would  fall  at  the  same  value  of  Tc.  The 
saturation  magnetization  per  atom  is  1  for  all  three  spin 
lattices,  and  a  sum  rule6  states  that  the  areas  under  the  three 
curves  must  be  equal.  The  most  significant  feature  of  the  A S 
is  their  strong  peaking  near  Tc ,  which  arises  because  a  given 
applied  field  has  its  largest  effect  on  the  magnetization 
(hence  the  spin  disorder  entropy)  in  this  regime. 

As  emphasized  before,3-4  the  formation  of  magnetic  clus¬ 
ters  tends  to  create  a  lowered  and  broadened  A S  peak  near 
the  ordering  temperature,  because  pinning  groups  of  spins 
together  reduces  the  reordering  entropy  available  near  Tc . 
This  effect  can  be  seen  for  the  three  lattices  by  comparing 
Fig.  1,  which  is  for  ferromagnetic  materials  comprised  of 
single  atomic  moments,  with  Fig.  2,  which  is  for  superferro¬ 
magnetic  materials  incorporating  100-atom  clusters,  each 


Temperature  (K) 

FIG.  2.  Monte  Carlo  simulations  of  the  entropy  change  A  s'  induced  by 
removal  of  a  1  T  magnetic  held  for  superferromagnetic  dusters  of  100 
atoms  in  three  lattices  without  anisotropy.  Note  that  the  A  S  scale  does  not 
start  at  zero. 
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FIG.  3.  Monte  Carlo  simulations  of  the  entropy  change  A.S  induced  by 
removal  of  a  1  T  magnetic  field  for  systems  of  classical  Heisenberg  spins  for 
three  lattices  with  an  anisotropy  coefficient  of  S.6  1/mol. 


atom  having  the  magnetic  moment  of  the  single  atom  in  the 
ferromagnet.  Note  the  order  of  magnitude  reduction  in  the 
AS  scale  on  going  to  Fig.  2.  As  the  cluster  size  increases 
from  that  of  a  single  spin,  the  Monte  Carlo  calculations  show 
a  decrease  in  the  entropy  change  at  Tc  for  a  given  applied 
field,  constant  magnetic  moment  per  atom,  and  constant 
number  of  atoms,  and  an  increase  in  the  entropy  change  well 
above  Tc .  The  sum  rule6  indicates  that  the  areas,  /(A S)dT, 
of  the  three  curves  of  Fig.  2,  are  equal  to  each  other  and  to 
those  of  Fig.  1.  For  the  two  BCC  curves  shown  in  the  two 
figures,  there  is  a  crossover  at  ~4  K,  where  the  value  of  A S 
for  the  superferromagnet  becomes  larger  than  AS  for  the 
ferromagnet.  The  effects  of  going  from  the  single  spin  ferro¬ 
magnetics  to  the  clusters  have  been  discussed  extensively 
elsewhere.3,4 

The  effect  on  AS  of  subjecting  the  single  spin  magnets 
to  an  aligning  uniaxial  anisotropy  field  is  illustrated  in  Fig.  3 
for  all  three  spin  lattices.  As  was  discussed  previously4,8  for 
the  FCC  lattice,  an  anisotropy  term  that  encourages  align¬ 
ment  causes  a  sharpening  (see  Fig.  1  of  Ref.  4)  i.e.,  an  in¬ 
crease  in  the  critical  exponent  of  the  magnetization  curve  at 
zero  applied  field,  as  well  as  a  small  increase  in  the  ordering 
temperature.9  This  narrows  the  temperature  range  over  which 
a  given  applied  field  has  a  large  effect  on  the  spin  disorder, 
and  this  results  in  a  concomitant  sharpening  and  shift  in  the 
AS  peaks  on  going  from  Fig.  1  to  Fig.  3.  Again  the  sum  rule 
applies  and  the  sharpening  is  attended  by  a  small  increase  in 
A  S  peak  height  and  small  increases  in  AS  at  high  tempera¬ 
tures. 

The  effects  on  AS  due  to  varying  strengths  of  the  anisot¬ 
ropy  term  for  a  BCC  array  of  100-spin  clusters  are  illustrated 
in  Fig.  4.  These  anisotropy  field  strengths  are  characteristic 
of  what  are  encountered  in  permanent  magnets.  For  the  sake 
of  comparison,  the  exchange  coupling  between  clusters  here 
and  in  Fig.  2  has  been  kept  equal  to  that  used  for  the  single 
spins  of  Figs.  1  and  3.  Also,  the  5.6  J/mol  curve  employs  the 
same  value  of  A ,  i.e.,  the  same  strength  anisotropy  per  single 
spin  1  site,  as  used  in  Fig.  3.  Unlike  the  cases  of  single  spins, 
the  100-spin /f=0  magnetization  curves  do  not  sharpen  upon 


5464  4.  Appl.  Phys.,  V0I.  75,  No.  10, 15  May  1994 


Bennett  at  a/. 


100  Spin  Cluster 


0.26  - - - - — 

A  0 


°0  10  20  30  40 

Temperature  (K) 


FIG.  4.  Monte  Carlo  simulations  of  (he  entropy  change  AS  induced  by 
reinovaJ  of  a  1  T  magnetic  field  for  superfemxnagnetk  dusters  of  100 
atoms  in  a  body-centered -cubic  lattice  with  varying  anisotropy  coefficients, 
A,  in  J/tnol. 

introduction  of  the  anisotropy,  and  neither  do  the  AS  curves. 
(Again,  due  to  the  sum  rule,  these  curves  have  equal  areas 
under  them.)  These  curves  each  have  a  sharp  initial  rise, 
followed  by  a  break  in  slope  (most  visible  in  the  S.6  and  8.4 
curves)  to  a  broadened  peak.  In  the  8.4  curve,  the  peak  has 
broadened  to  a  flat  curve  with  almost  constant  AS  over  a 
broad  temperature  range.  The  breaks  (e.g.,  at  ~6  K  for  the 
8.4  curve)  correspond  to  the  Tc' s  of  these  systems  at  their 
respective  anisotropies. 

III.  DISCUSSION  AND  SUMMARY 

The  present  results  have  been  limited  to  the  case  of  the 
easy  axis  of  the  anisotropy  being  parallel  to  the  applied  mag¬ 
netic  field.  Previously,  we  reported  some  results  for  single 
spins,  where  the  easy  anisotropy  direction  was  also  normal  to 
the  magnetic  field.  Mprup  and  Christiansen10  have  reported 
molecular  field  results  for  the  zero-field  magnetizations  for 
varying  anisotropy,  displaying  the  Tc  shifts  encountered 
here.  They  also  considered  the  case  where  the  anisotropy  and 
magnetization  were  constrained  to  have  different  axes.  Ex¬ 
cept  for  very  small  angles,  Mprup  and  Christiansen  showed 
that  this  depresses  Tr  for  some  given  strength  anisotropy 
constant — something  seen  for  the  single  spin  Monte  Carlo 
results.  The  issue  of  noncollinear  anisotropy  and  applied 
field  terms  requires  further  investigation. 

We  have  obtained  results  for  both  individual  spins  and 
spin  clusters  on  SC,  BCC,  and  FCC  lattices.  The  peak  values 


of  the  AS  are  largest  for  the  lattice  haying  the  lowest  Tc .  The 
heights  of  the  peaks  for  the  single  spin  AS  of  Fig.  1  (and  to 
a  lesser  degree.  Fig.  3)  scale  approximately  as  the  square  root 
of  the  Rushbrooke-Wood  J/k  factors  [i.e.,  as  —lllT,  )l/2]. 
The  variation  in  relative  peaks  is  reduced  for  the  100-spin 
cluster  represented  in  Fig.  4.  The  relationship  of  this  reduc¬ 
tion  to  the  suppression  of  the  cluster  peak  heights  and  to  the 
associated  peak  broadeni^gs  (relative  to  those  of  the  single 
spin)  requires  further  elucidation. 

There  is  an  interplay  between  the  anisotropy  and  the 
clustering  of  the  spins.  In  Fig.  4,  the  “action”  in  the  AS 
behavior  occurs  above  the  ordering  temperature,  arising  be¬ 
cause  one  key  variable,  namely  /iH/kT ,  can  be  substantial 
for  the  clusters.  If  AS  of  modest  magnitude  are  of  interest, 
these  can  be  obtained  over  broad  temperature  ranges  by  em¬ 
ploying  superferromagnetic  clusters  having  suitable  anisot¬ 
ropy. 
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lb  obtain  accurate  design  tools  for  applications  involving  giant  magnetostrictive  materials, 
magnetomechanical  hysteresis  effects  should  be  taken  into  account.  The  problem  consists  of 
determining  the  magnetization  and  mechanical  strain  from  the  combined  past  history  of  magnetic 
field  and  mechanical  stress.  In  this  work,  coupled  magnetomechanical  hysteresis  has  been  modeled 
by  using  simple  path-dependent  differentials  to  accumulate  the  past  history  in  functions  related  to 
the  magnetization  and  strain  through  material-dependent  parameters.  By  using  anhysteretic  curves 
and  a  few  additional  parameters  to  characterize  a  material,  major,  and  minor  loops  with  respect  to 
both  field  and  stress  have  been  calculated  for  Terfenol-D  and  have  shown  good  agreement  with 
experiments. 


I.  INTRODUCTION 

To  design  actuators  based  on  highly  magnetostrictive 
materials  such  as  Terfenol-D,  it  is  important  to  have  reliable 
computational  tools.  The  behavior  of  such  a  material  is,  in 
addition  to  Maxwell’s  and  Newton’s  equations,  governed  by 
a  constitutive  law  relating  the  magnetization  M  and  the  me¬ 
chanical  strain  5  to  the  independent  parameters  magnetic 
field  H  and  mechanical  stress  T.  To  obtain  a  high  degree  of 
accuracy,  it  should  be  taken  into  account  that  this  relation  is 
hystcretic.  More  specificially,  there  is  hysteresis  in  both  M 
and  5  with  respect  to  both  H  and  T,  and  these  hysteresis 
effects  are  coupled  so  that  the  response  to  a  change  in  one 
independent  parameter  is  affected  by  the  past  history  of  the 
other,  and  the  influence  of  the  past  history  of  one  indepen¬ 
dent  parameter  can  be  erased  by  a  large  value  of  the  other. 

There  are  some  models  in  existence  for  treating  this 
problem.  Adly  et  al’  proposed  a  Preisach  model  with  two 
inputs,  which  can  be  expressed  as  the  sum  of  two  compo¬ 
nents,  in  this  case  one  depending  on  the  past  history  of  H  and 
the  momentary  value  of  T  and  one  depending  on  the  past 
history  of  T  and  the  momentary  value  of  H.  The  main  prob¬ 
lem  with  this  model  is  that  because  there  is  no  coupling 
between  the  past  histories  of  the  two  inputs,  there  is  erratic 
correspondence  between  the  past  history  accumulated  by  the 
model  and  that  relevant  to  the  situation.  As  a  result  the  model 
can  give  notable  qualitative  disagreement  from  experiments. 

Another  generalization  of  the  classical  Preisach  model 
(CPM)  in  which  H  is  replaced  by  a  function  of  H,T  and  the 
up  and  down  switching  values  of  the  elementary  rectangular 
loops2  takes  into  account  the  coupling  between  H  and  T,  and 
has  shown  good  agreement  with  experiments,  but  has  other 
problems.  First,  the  identification  problem  is  very  hard  to 
solve,  involving  nonrobust  nonlinear  equation  systems.  Sec¬ 
ond,  it  has  turned  out  to  be  rather  more  difficult  to  model  S 
than  M.  Third,  it  is  hard  to  see  how  the  model  could  be 
generalized  to  account  for  fields  and/or  stresses  with  more 
than  one  component.  Therefore  the  model  may  not  be  en¬ 
tirely  sound. 

The  fact  that  if  one  independent  material  is  fixed,  the 
system  will  behave  as  ordinary  scalar  hysteresis  and  that  all 
past  history  can  be  erased  if  one  parameter  becomes  suffi¬ 


ciently  large  recalls  the  behavior  of  vector  hysteresis  and 
suggests  that  a  similar  formalism  can  be  used  for  magneto¬ 
mechanical  hysteresis  as  for  vector  hysteresis.  In  this  work, 
coupled  magnetomechanical  hysteresis  has  been  modeled  by 
employing  the  formalism  of  a  recent  phenomenological  ap¬ 
proach  to  vector  hysteresis.3  By  using  simple  path-dependent 
differentials,  the  past  history  is  accumulated  in  functions  that 
are  related  to  the  magnetization  and  strain  through  material- 
dependent  parameters. 


II.  MODEL  FORMULATION 


In  analogy  with  the  expression  for  the  vector  magnetiza¬ 
tion  given  in  Ref.  3  here  we  propose  to  calculate  magnetiza¬ 
tion  and  strain  for  arbitrary  variations  of  field  and  stress  by 
taking 


M{t)  =  \  qM[y(r,t),'r{r1t),r]dr, 

Jo 

(la) 

$(/)-[  qs[virft),Tir1t),r]dr7 

Jo 

(lb) 

where  qM  and  qs  are  material-dependent  functions  that 
should  be  determined  from  experiments.  rfr,t )  and  i (r,r) 
are  functions  of  the  dimension  magnetic  field  and  mechani¬ 
cal  stress,  respectively,  and  depend  on  the  combined  past 
history  of  H  and  T.  Their  values  are  given  by 


V(r,r) 

.  tir,t) 


=c~'l\ 


H 


«), 


(2) 


where  C  is  a  diagonal  matrix  and  L,  denotes  a  hysteresis 
operator  associated  with  a  simple  static  irreversible  differen¬ 
tial  relation  between  its  argument  and  its  value,  as  described 
in  Ref.  3.  In  this  manner  the  model  is  formally  equivalent  to 
the  vector  model  with  C(H,T)t  as  the  input  vector.  It  is 
straightforward  to  show  that  one  of  the  nonzero  elements  in 
C  can  be  fixed  to  some  arbitrary  value.  Therefore  we  choose 
to  set 


C= 


1 

0 


(3) 
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where  the  parameter  c  should  be  determined  from  experi¬ 
ments.  It  will  be  seen  later  that  it  controls  the  proportions  of 
hysteresis  with  respect  to  T  and  to  H.  Combining  (2),  (3), 
and  the  definition  of  L, ,  the  path-dependent  differential  re¬ 
lations  for  q  and  r  can  be  explicitly  written  as 

\{H-q,T-r)dK,  if  dK>0  and  /=0. 

(dij.dr)  ( (0,0),  otherwise, 

(4) 

where  dK=(H-  q)dH+c\T-  r)dT  and  /=(//- iy)2 
+c2(T-  r)2-r2. 

In  Ref.  3  it  was  shown  that  the  vector  hysteresis  model 
discussed  was  equivalent  to  the  CPM  for  fields  restrained  to 
one  direction.  Here  it  similarly  holds  that  if  either  one  of  H 
or  f  is  fixed  while  the  other  varies,  the  model  behaves  like 
the  CPM,  which  means  it  exhibits  the  congruency  property 
and  the  wiping-out  property.4  As  an  example  of  the  coupling 
between  magnetic  and  mechanical  quantities,  we  can  con¬ 
sider  the  following  case:  Let  T  be  fixed  in  time  and  H  go  to 
infinity.  Then  it  can  be  found  from  (4)  that 
[  - r,T)  for  all  r,  regardless  of  the  initial 

values  of  i j(r,r)  and  i(r,t).  A  similar  result  holds  if  instead 
H  is  fixed  and  T  goes  to  infinity.  This  means  that  ail  past 
history  can  be  erased  by  a  large  value  of  either  H  or  T. 

There  is  no  reversibility  in  the  model  unless  qu  and  qs 
are  Dirac-type  singularities  for  r=0.  A  way  to  incorporate 
reversibility  and  keep  qu  and  qs  finite  is  to  replace  (1)  by 

M(0  =  f%*[Xff(r)  +  (l-X)i7(r,r),Xr(r) 

Jo 

+  (1  -X)r(r,f),r]dr,  (5a) 

S(0  =  r<fS[Xff(t)  +  (l-X)r7(r,r),X7-(r) 

Jo 

+  (1-X)r(r,r),r]<fr,  (5b) 

where  X  is  a  dimensionless  constant  between  0  and  1  to  be 
determined  from  experiments.  If  X=0,  we  end  up  with  (1) 
and  if  X=1  there  is  no  dependence  on  i)(r,r)  or  r(r,r),  and 
therefore  full  reversibility,  i.e.,  no  hysteresis.  In  the  case  of 
constant  stress  or  field  this  also  relaxes  the  congruency  prop¬ 
erty  of  the  CPM.  It  can  be  shown  that  the  model  will  in  such 
a  case  instead  have  the  more  general  equal-chords  property 
of  the  input-dependent  Preisacb  model.4 


IH.  DETERMINATION  OF  PARAMETERS 

The  model  parameters  that  should  be  determined  are  X, 
c,  and  the  functions  qu  and  qs .  A  method  for  doing  this  will 
be  outlined.  Due  to  space  limitations  proofs  will  be  omitted. 

The  reversibility  ratio  X  can  be  determined  in  the  follow¬ 
ing  manner:  Define  the  differential  susceptibility  y^T  Af) 
as  the  slope  of  the  ascending  branch  of  a  major  M,H  loop  at 
constant  stress  T  and  the  incremental  susceptibility 
Xmf,T,H)  as  the  slope  of  a  small  minor  M,H  loops  excur¬ 
sion  from  such  a  major  loop.  It  is  then  possible  to  show  that 

x=*tac(r,ff)/xdflI(r,ff),  (6) 


Magnetic  Field  (ItA/m) 

FIG.  1.  Measured  (dotted)  and  calculated  (solid)  major  loops  vs  H  for 

7= -8.8,  -23.3,  and  -37.7  MPa. 


for  any  choice  of  ( T,H ).  Instead  of  M,H  loops,  we  could 
equally  well  use  S,//,Af,T  or  5,7  loops.  This  is  in  agree¬ 
ment  with  the  recent  observation  that  the  magnetomechanical 
coupling  factor  is  independent  of  whether  it  is  determined 
from  differential  or  incremental  measurements  ' 

The  functions  qu  and  q5  can,  in  principle,  be  determined 
from  experimentally  measured  first-order  reversal  curves  in 
the  standard  fashion  of  the  Preisach  model.4  However  this 
would  involve  taking  second  derivatives  of  experimentally 
measured  scattered  points,  which  is  numerically  difficult, 
and,  for  the  material  investigated,  we  failed  to  find  a  method 
that  produced  smooth  results  without  undue  distortion.  To 
get  around  this  difficulty  we  used  the  separation  of  variables, 

<7«U ,T,r)~pM(q,T)z(r),  (7a) 

qs(i7,r,r)=pi(>;,T)z(r).  (7b) 

By  analogy  with  what  was  stated  in  Ref.  3 ,pu  and  ps  can  be 
shown  to  be  equal  to  the  anhysteretic  magnetization  and 


Stress  (MPa) 


FIG.  2.  Measured  (dotted)  and  calculated  (solid)  major  loops  vs  7  for 
tf =23,  46,  and  70  kA/m. 
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FIG.  3.  S  and  M  va  H  for  fixed  T--19.4  MPa. 


strain,  respectively,  if  ;(r)  is  normalized.  In  addition,  we 
assume  z(r )  to  be  a  Gaussian  with  a  material  specified  pa¬ 
rameter  r0,  to  get 

<lM(.V,T,r)  =  Mm(ti,T)A  exp[-(r/r0-l)2],  (8a) 

4s( >7,r,r)=S„( v,rM  expt-(r/r0-))2],  (8b) 

where  and  Sm(rf,r)  are  the  anhysteretic  magnetiza¬ 

tion  and  strain,  respectively,  and  A  is  given  by  normalization 
of  2(r). 

We  should  then  determine  experimentally  the  anhyster¬ 
etic  curves  and  the  parameter  r0.  Strictly  measuring  the  an¬ 
hysteretic  curves  is  a  difficult  and  time-consuming  proce¬ 
dure,  since  for  every  single  point  on  the  curves  the  field  or 
the  stress  should  be  cycled  with  a  slowly  decreasing  ampli¬ 
tude.  Fortunately  for  Terfenol-D  with  its  low  squareness  ra¬ 
tio,  a  good  approximation  is  provided  by  taking  the  average 
of  the  upper  and  lower  branches  of  major  loops  with  respect 
to  H.  Some  care  should  be  observed  for  the  strain  curves  at 
low  values  of  //,  as  the  anhysteretic  in  this  case  lies  below 
both  branches  of  the  major  loops.6  The  value  of  r0  is  directly 
related  to  the  width  of  major  loops  with  respect  to  H.  This 
width  clearly  depends  on  both  the  stress  and  the  location  on 
the  loop  but,  except  near  saturation,  it  does  not  change  much 
If  we  define  Hw  as  a  “representative”  value  of  this  width, 
such  as  twice  the  coercivity,  then  we  can  use 

r0~HJ(  1-X).  (9) 

This  value  can  be  iteratively  improved  by  employing  the 
model  with  this  r0  value  to  calculate  major  loops  and  com¬ 
paring  their  width  to  experiments  and  properly  adjusting  r0. 

Finally,  c  should  be  determined.  If  we  define  Tw  as  the 
width  of  a  major  loop  with  respect  to  T  for  a  constant  H,  we 
can  get  a  good  match  by  setting 

c—HJTw.  (10) 

This  value  can  be  iteratively  improved  in  the  same  fashion  as 
'o- 


FK5.  4.  S  rad  M  v»  T  tor  Bud  H= 31  kA/m. 


IV.  EXPERIMENTAL  RESULTS 

Computations  have  been  compared  to  experiments  done 
on  a  sample  of  Terfenol-D.  The  experimental  equipment  has 
been  described  in  Ref.  7.  We  used  parameter  values  k=0.40, 
r„=3.83  kA/m,  and  c  =  1.99  kA/m/MPa.  In  Figs  1  and  2,  all 
four  types  of  major  loops  are  shown.  Figures  3  and  4  show 
typical  examples  of  what  happens  if  either  one  of  H  or  T  is 
constant  while  the  other  is  oscillating  with  decreasing  ampli¬ 
tude.  The  accuracy  is  seen  to  be  generally  good  and  does  not 
greatly  exceed  the  error  range  of  the  measurements.  How¬ 
ever,  while  the  calculated  M,H  and  S,H  loops  have  almost 
exactly  the  same  width,  experiments  exhibit  more  hysteresis 
in  the  latter.  This  could  be  due  to  an  experimental  error, 
especially  as  Restorff  el  oLs  have  reported  experimental  re¬ 
sults  that  better  agree  with  the  model  in  this  respect. 

V.  CONCLUSIONS 

A  phenomenological  magnetomechanical  hysteresis 
model  has  been  presented.  The  model  is  simple  to  use,  com¬ 
putationally  fairly  efficient,  and  has  been  found  to  give  good 
agreement  with  experimental  results  for  Terfenol-D  when 
three  parameters  are  used  to  characterize  hysteresis  proper¬ 
ties.  In  addition,  the  formal  generalization  to  multidimen¬ 
sional  fields  and  stresses  appears  straightforward.  What  this 
amounts  to  is  that  expanding  a  nonhysteretic  representation 
of  material  properties  to  an  inclusion  of  hysteresis  can  be 
done  with  a  rather  modest  effort.  The  method  is  therefore 
useful  as  a  design  tool. 
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Jtng  JuLu,  Huai  U  Huang,  Ching-FUy  Chang,  and  tvo  KBk 

Department  of  Physics,  National  Taiwan  University,  Taipei,  Taiwan,  Republic  of  China 

The  response  of  a  system  to  an  infinitesimal  perturbation  becomes  singular  if  the  system  changes  its 
degree  of  metastability,  Le.,  if  it  has  an  inflection  point.  This  theory  is  used  to  calculate  the 
reversible  transverse  susceptibility  x,  of  a  single  domain  particle  executing  a  major  hysteresis  loop 
under  the  influence  of  a  field  H(t)  applied  at  an  angle  0  to  the  easy  axis.  Thermal  relaxation  is  taken 
into  account  and  the  response  of  the  nooequilibrium  system  to  the  infinitesimal  field  A(r)  =  A  sin  on, 
hi  H,  is  found.  Tile  resultant  Xi  is  studied  as  a  function  of  0,  temperature,  and  of  the  frequency  ft 
of  the  biasing  field  H. 


In  a  recent  article,  Hoare  etaL,'  using  the  theory  of  Aha- 
roni  etal,2  analyzed  their  measurements  of  the  reversible 
transverse  susceptibility  (RTS)  of  particulate  recording  me¬ 
dia.  Coherent  rotation  of  magnetization  within  the  Stoner- 
Wohlfarth  limit  was  assumed.3  The  role  of  the  ubiquitous 
thermal  switching  effects  is  considered  here. 

For  definiteness  of  discussion  we  shall  first  derive  a  gen¬ 
eral  expression  for  the  response  of  a  system  with  energy 
£(x|,||A),  xw  are  its  internal  degrees  of  freedom,  to  an  in¬ 
finitesimal  applied  field  k.  The  extremal  points  xj'ifA]  satisfy 
the  set  of  equations  £<(ii(x*,>[A]|A)=0,  £„«>  =  <3E/Sxtl\ 
and  we  shall  now  determine  the  functions  xj'^A]  to  the 
first  order  in  k.  To  this  end  we  write  xj‘*[A] 
-xj'*(0]+A  Acj'^O]  +o(A)  and  demand  that  the  extremal 
condition, 

0=£Jt,.,(*5i»[0]|0)+A|£Mu»(x«"[0]|0) 

+  2  ArJ"[0]£x<iV«(x)"[OJjO)|  +o(A>,  (1) 

be  satisfied  separately  in  every  order  of  k.  The  zeroth-order 
term  yields  the  location  of  the  unperturbed  extremum  x^[0] 
and  the  first-order  term  constitutes  a  set  of  linear  equations 
for  the  perturbation  <5x},,[0].  The  discriminant  of  this  sys¬ 
tem,  det(£z(t)yo),  is  the  Hessian  of  the  energy  function 
£(x<‘,|0)  at  the  local  extremum  which  vanishes  if 

this  extremum  becomes  an  inflection  point.  The  set  of  linear 
equations  for  dx^O]  thus  becomes  singular  whenever  the 
degree  of  metastability  of  the  system  £(x(,)|0)  changes. 

We  apply  Eq.  (1)  to  a  uniaxial  single  domain  particle 
with  volume  V,  anisotropy  constant  K,  and  saturation  mag¬ 
netization  M, .  Its  easy  axis  is  in  the  [sin  AO, cos  0]  direction 
and  it  is  driven  by  two  periodic  biasing  fields,  H(r)  and  h(r), 
applied  perpendicular  to  each  other:  H=//(r)(0>0,l]  and 
h=A(r)[cos  y,sin  y,Oj.  Their  frequencies  are  ft  and  <u,  re¬ 
spectively.  We  shall  assume  that  the  field  H(t)  varies  slowly 
(hours,  say)  and  that  it  drives  a  major  hysteresis  loop,  i.e., 
that  its  amplitude  H»H00),  where  H,{0>  is  the  particle's 
nucleation  field.4  The  field  A(l)=A  sin  cut,  by  contrast,  is  as¬ 
sumed  to  vary  rapidly  (ru—lO'-lO2  Hz),  but  with  infinitesi¬ 
mal  amplitude  A-»0.  We  shall  determine  the  linear  response 
of  the  nooequilibrium  system,  executing  a  hysteresis  loop  to 
the  small  transverse  perturbing  field  A(r).  The  (scaled)  en¬ 
ergy  is 


£(0^)  =  1 -(sin  Aai+cos  0ot})2-H(t)a} 

-k(t)cos  ya,-A(r)sin  ya2,  (2) 

where  we  introduced  the  notation  E—E/KV,  H—HUJK, 
and  k—>kM,IK.  The  direction  cosines  ar=[sin  8 cos  <t>, 
sin  0sin  0,cos  0]  refer  to  the  magnetization  direction  and 
4>e  (0,2 tt)  and  fle(0,rr). 

The  singularities  of  Eq.  (1)  can  only  be  observed  if  the 
system  finds  itself  at  one  of  the  vanishing  minima.  We  shall 
assume  that  the  dynamics  of  the  particle  (2)  are  fully  deter¬ 
mined  by  thermally  activated  jump  processes.  Then  for  fields 
smaller  than  H00),  the  system  (2)  is  bistable,  and  we  shall 
treat  it  as  having  two  levels  with  occupation  numbers  n ,  and 
n2=  1  -n, .  The  rates  of  thermally  activated  transitions  be¬ 
tween  them  are  *i2=«i_2=/o  exp[-  fiTV(£j— £|)/T]  and 
*2i~/o  exp[-£V(£3-£2)/r],  For  the  prefactor  we  take 
the  customary  value5-6  /0=e25  Hz;  £,  and  £2  are  the  ener¬ 
gies  of  the  two  local  minima,  £3  is  the  energy  of  the  saddle 
point  separating  them,  and  T  is  temperature  (*B  m  1).  The 
mean  time  evolution  of  the  particle  (2)  is  given  by  the 
equations6 

«1  =  —  <C|2BI  +  *2in2=  —  »*2 ,  (3) 

where  h—dnjdt  and  *y=K„[//(r),A(r)].  Now  let 
m=M IM,  be  the  reduced  magnetization;  we  shall  be  con¬ 
cerned  with  its  projections  and  m*-(m-h)/A, 

where  m,  in  the  two  level  approximation,  is  given  by  the 
vector 

2 

m=2  «,[sin  6j  cos  ^,  ,sin  B,  sin  ^,cos  0,-],  (4) 

i-t 

and  ***  A*  locations 

of  the  two  local  minima.  We  define  the  (reduced)  longitudi¬ 
nal  and  transverse  reversible  susceptibilities  as  Xi  sin  <•* 
=  lim*_0  dmHISh  and  Xi  sin  <ot=  lim*  ,0  dmkIAh,  respec¬ 
tively,  with  the  limits  referring  to  the  amplitude  of  h(t).  In 
the  spirit  of  linear  response  theory,  we  shall  now  treat  k 
as  a  small  perturbation  and  expand,  following  Eq.  (1),  all 
variables  to  the  first  order  in  k,  e.g.,  0[H,h\—>0[H] 
+A(r)<W[ H],  etc.  The  extrema  are  at  the  point  (^+A  8<f>,8 
+h  80),  where7 

0=±  sin  2(6-0)  +  H  sin  9,  (5) 

0  =  [2  cos  2($+0)+H  cos  6]S0+cos  $  cos  y,  (6) 
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0=  ±2  sin  0  sin  B  coa(8-t-fl)d^-t.sin  0  sin  y.  (7) 

The  upper  signs  refer  to  the  equilibrium  direction  <p=0,  the 
lower  ones  to  0=*.  Further,  £— £  +  k\t)SE,  where  E 
=  sin2{#+  ff)  -  Hoas  Sand  <S£  =  +sin  flcos  y.  The  roots  of 
<?£//?0= 0,  Eq.  (5),  are  then  used  to  calculate  the  extremal 
values  of  60,  S^,E,  and  SE. 

Now  let  «,  =  1  -n2-»n,  +  h  &»i  and  *fj, —*«,>+*  5*,,, 
where  Sk^  —  k^SE-}- SE^IT  by  the  definition  of  Kir 
From  Eq.  (4),  we  obtain 
2 

*,[//(f)|<d]=  2  {[<»s  0,  cos  y  60, 

<-i 

+  sin  6,  sin  y  6^,]ti,(t) 

+  cos  y  sin  0,  eSre^r)},  (8) 

where  all  variables  are  defined  by  the  state  of  the  hysteresis 
loop  driven  by  H(l).  In  the  plane  geometry  of  the  unper¬ 
turbed  system,  we  have  set  <f>=0  and  extended  the  range  of 
ftde(0,2ir).  By  Eq.  (3),  »i,=  -*«,  +  *2|,  <r=#r,2  +  *'2i ,  so 
that 

/i1(r)  =  nI(0)atr,0)  +  f  <ft'*2, (»')«(»,»').  (9) 

Jo 

where  ^t2,t|)=exp  [  -  Jj*  dr  *(r)].This  equation  deter¬ 
mines  the  unperturbed  hysteresis  loop.  The  rapidly  oscillat¬ 
ing  infinitesimal  field  h(t)  also  alters  the  instantaneous  re¬ 
laxation  rates  rr,,  and  the  stationary  state  toward  which  the 
system,  at  a  given  moment,  relaxes.  Expanding  thus  Eq.  (3) 
to  the  first  order  in  h,  we  obtain  the  corrections 
<Sn,(r)  =  -  Sn2(t)  from  the  equation  6h,  =  -  k  8n, 
+  [6/c2,-6k  «,].  Assuming  we  may  regard  nt  here 
as  a  constant,  characterizing  the  immediate  state  of  the  slow 
nonequilibrium  system  at  time  t  and  write,  with  &ii(0)=0, 

Snl(t)=u>~,(oie~*'+  k  sin  <ul-to  cos  air),  (10) 

where  ui  ,=(&r2,+<S*'n1)Ai<?+oi2).  Resonances  of  the 
minima  with  h(t)  are  neglected  as  occurring  only  at  frequen¬ 
cies  comparable  to  the  prefactor  f0.  Equation  (8)  for  Xt  thus 
consists  of  an  oi-independent  part  and  of  the  incoherent  term 
(10),  which  is  small  (~6k)  compared  to  the  (potentially  sin¬ 
gular)  coherent  term.  At  room  temperature,  as  a  rule,  K<tm, 
so  that  6nl~u>~1. 

In  the  following  analysis  of  the  hysteresis  process  deter¬ 
mining  n,(r)  we  shall,  for  simplicity,  first  assume  that  y=Q. 
Let  n,(f)  refer  to  the  well  (local  minimum)  that  exists  at 
applied  fields  H>  -HJff),  and  that  vanishes  (turns  into  an 
inflection  point)  at  H=  We  see  that  n,(//(r)j™o  if 

(the  well  does  not  exist)  and  »i[/f(<)]™l  if 
H^H, ,  where  this  well  is  the  sole  local  minimum.  By  the 
same  token,  the  function  60[H(t)]  is  defined  by  Eqs.  (5) 
and  (6)  on  the  interval  (-ff,,»)  on  whose  left  edge  it  is 
singular.  Similarly,  n2[f/(r)]*l  if  H*s-H,  and 
it2[/f(f)J«0  if  H»H„,  and  the  function  602[H(t)]  is  sin¬ 
gular  on  the  right  edge  of  the  interval  (-*>,//„).  We  thus 
detect  two  competing  mechanisms  in  Eq.  (8),  since  n,[H] 
identically  vanishes  as  60, [H]  becomes  singular.  The  posi¬ 
tion  and  height  of  the  peak  of  n,  60,  therefore  depend  on  the 


-2  -t  0 

H/«A0) 


FIG.  1.  The  coherent  pail  of  the  RTS  Xi  for  inclination  angles.  >5-0°.  25" 
(here  we  plot  5*,  for  better  clarity),  50®,  and  75°.  The  0®  and  50°  curves 
are  plotted  for  sweep  and  the  remaining  two  curves  for  a  re¬ 

verse  sweep.  The  solid  line  corresponds  to  the  Stooer-Wohlfarth  limit  (XV/ 
T-*w),  to  finite  temperatures  (XV/T- 3000.  500,100,  and  50)  there  cor¬ 
respond  progressively  shorter  dashes.  The  finite-temperature  coercivities  at 
>3=0"  are  Hc/H.( 0)-0.82,  0.75.  0.44,  and  0.20  at  0=  10  5  Hz. 


state  of  the  nonequilibrium  system:  In  the  Stoner- Wohlfarth 
limit  «][//(/)]“  1  for  H>  —  H„  on  a  sweep  from  H„  to 
-Hn  and  the  vanishing  well  is  fully  populated  arbitrarily 
close  to  the  singular  point  -H,  of  In  the  revetse 

sweep,  similarly,  n2[W(r)]»  1  for  H<Hm .  If,  however,  ther¬ 
mal  relaxation  is  taken  into  account  and  coercivity  Hc<Hn , 
then  only  particles  that  have  not  reversed  close  to  the  nucle- 
ation  field  contribute  to  the  singular  behavior  of  x, .  The 
occupation  number  of  the  vanishing  minimum  is  trivially 
tabulated  from  Eq.  (9),  it  depends  on  T,  and  also6-*  on  O. 

The  results  of  these  calculations  are  shown  in  Fig.  1.  It  is 
seen  that  in  the  Stoner- Wohlfarth  limit,  the  RTS  peak  width 
decreases  with  increasing  inclination  angle  /?.  If  relaxation 
effects  are  taken  into  account,  then  the  broad  peak  corre¬ 
sponding  to  small  0  decreases  in  height  and  shifts  to  lower 
fields;  our  calculations  show  that  it  lies  close  to  coercivity. 


5500  J.  App L  Phys.,  Wot.  re.  No.  tO.  15  May  1894 


Luetaf. 


1.0 


0.5 

m„ 

0.0 

-0.5 

-1.0 

1.0 

Xt 

0.5 


0.0 


peak  at  Hm(wf2)=H,(0),  is  insensitive  to  temperature,  la  Fig. 
2  we  present  the  hysteresis  loops  of  an  ensemble  of  ran¬ 
domly  distributed9  particles,  together  with  their  RTS  plots  In 
accordance  with  the  forgoing  analysis,  the  peaks  at 
+H.(ir/2 )  remain  unaffected  by  temperature  variations, 
while  the  peak  at  the  (7-dependent)  coercivity  is  rapidly  sup¬ 
pressed  This  identification  of  the  temperature-dependent  and 
temperature-independent  parts  of  RTS  constitutes  our  main 
result. 

Let  it  yet  be  remarked  that  our  hysteresis  calculations  are 
based  on  a  field-independent  prefactor  but,  in  fact,10 
fa ~ MH)  and  lim '■H—s.HjjnfdW)  =  0,  so  that  thermal  re¬ 
laxation  slows  down  at  large  applied  fields  and  high  coerciv¬ 
ity  is  thus  enhanced  The  Stoner- Wohlfarth  limit  is  accord¬ 
ingly  reached  at  temperatures  significantly  lower  than 
predicted  by  a  theory  with  constant  prefactor,  and  our  figures 
overestimate  the  influence  of  thermal  relaxation  at  low  tem¬ 
peratures  [whenever  coercivity  is  about  75%  of  //„(/?)  or 
more]. 
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FIG.  2.  A  particle  array  with  totally  random  orienlatioa  of  easy  axes.  The 
upper  plot  shows  mean  hysteresis  loops  measured  in  the  direction  of  the 
field  H  (sweeps  •  ~  HJ  for  the  four  finite  temperatures  of  Fig.  1  (here 
the  solid  line  denotes  AV/7'^3000).  The  lower  portion  shows  the  corre¬ 
sponding  RTS  x,  (on  sweep  //„-•-//„).  Note,  in  particular,  the  vanishing 
peak  dose  to  coercivity. 


On  the  other  hand,  the  very  narrow  peak  corresponding  to 
large  P  is  easily  obliterated  by  thermal  effects  altogether. 
Exceptional  is  the  case  of  p  very  close  to  ir/2,  where  both 
minima  are  equally  occupied6  at  all  times  so  that  the  RTS 
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Efficient  Preisach  demagnetization  algorithm  and  its  experimental 
testing 
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The  topic  of  demagnetization  has  always  been  considered  important  to  the  area  of  magnetics  in 
general.  Whether  it  is  required  to  characterize  the  initial  permeability  of  a  premagnetized  sample  or 
to  erase,  nondestructively,  previously  recorded  data  on  disks  or  tapes,  demagnetization  processes  are 
indispensable.  Theoretically,  demagnetization  can  be  achieved  by  applying  infinite  ac  field  cycles 
with  slowly  decaying  amplitudes.  In  practice,  however,  only  a  finite  subset  of  this  sequence  may  be 
applied.  As  a  result,  achieving  the  demagnetized  state,  or  even  a  zero  residual  magnetization  state, 
becomes  uncertain.  The  purpose  of  this  paper  is  to  present  an  efficient  Preisach-type 
demagnetization  algorithm  that  can  lead  to  a  zero  residual  magnetization  state  within  few  field 
cycles.  While  this  state  might  not  fully  match  the  demagnetized  state,  it  can  be  regarded  as  a  good 
approximation  especially  for  data  erasure  applications.  The  algorithm  has  been  experimentally 
tested  and  compared  to  particular  demagnetization  techniques  employing  finite  ac  field  cycles  with 
decaying  amplitudes.  Some  sample  results  of  this  experimental  testing  are  reported  in  the  paper. 


I.  INTRODUCTION 

The  capability  to  carry  out  demagnetization  processes 
has  always  been  a  topic  of  wide  interest.  For  instance,  when 
the  characterization  of  initial  permeability  of  a  premagne¬ 
tized  sample  is  required,  demagnetization  becomes  an  obvi¬ 
ous  prerequisite.  In  the  field  of  magnetic  recording,  bulk  ac 
erasure,  which  is  a  typical  demagnetization  process,  is  fre¬ 
quently  used  to,  nondestructively,  remove  previously  re¬ 
corded  data  (see,  e.g..  Refs.  1-4). 

Theoretically,  the  demagnetized  state  can  be  achieved  by 
applying  an  infinite  sequence  of  alternating  fields  having 
slowly  decaying  amplitudes.  In  practice,  however,  only  a  fi¬ 
nite  subset  of  this  sequence  may  be  applied.  Typical  conven¬ 
tional  demagnetization  techniques  employ  such  a  finite  se¬ 
quence  in  the  form  of  an  ac  field  having  a  linearly  decaying 
amplitude.3  In  such  cases,  the  ability  to  achieve  demagneti¬ 
zation,  or  even  a  zero  residual  magnetization  state,  becomes 
dependent  on  several  factors  such  as  the  rate  of  the  ac  field 
amplitude  decay.  The  smaller  the  rate  of  field  decay  (i.e.,  the 
larger  the  number  of  applied  field  cycles),  the  better  demag¬ 
netization  results  are  obtained.  More  generally,  it  can  be 
stated  that  the  selection  of  the  number  as  well  as  the  magni¬ 
tudes  of  applied  field  extrema  becomes  crucial  to  the  demag¬ 
netization  process. 

In  this  paper,  an  efficient  algorithm  based  on  the  classi¬ 
cal  Preisach  model  of  hysteresis5,6  is  introduced.  This  algo¬ 
rithm  can  lead  to  a  zero  residual  magnetization  state  within 
few  applied  field  cycles  through  the  appropriate  selection  of 
field  extrema.  While  this  state  might  not  fully  match  the 
demagnetized  state,  and  thus  corresponding  initial  perme¬ 
abilities  might  not  be  identical,  it  can  be  regarded  as  a  good 
approximation  for  the  demagnetized  state  especially  for  data 
erasure  applications.  The  algorithm  has  been  developed  and 
numerically  implemented.  Verification  of  this  algorithm  and 
comparisons  with  demagnetization  approaches  employing  fi¬ 
nite  ac  field  cycles  with  linearly  decaying  amplitudes  have 
been  carried  out  experimentally,  on  various  magnetic 
samples,  by  means  of  a  computer  controlled  vibrating  sample 


magnetometer  (VSM).  Some  sample  results  of  the  experi¬ 
mental  testing  are  reported  in  the  paper. 


II.  THEORY  AND  NUMERICAL  IMPLEMENTATION 

It  has  been  shown  in  Ref.  6  that  the  output  (magnetiza¬ 
tion)  of  the  classical  Preisach  model  / ,(r ),  while  the  input 
(field)  u(r)  is  being  monotonically  increased,  can  be  ex¬ 
pressed  as  follows: 

*(0-1 

/l(0==/++  2  l))  +  /m(fl- D.UIO 

>=> 

—  /*(»,*(»>  (l) 

where,  ffia  is  the  model  output  at  the  input  value  a  along  the 
increasing  first-order  reversal  curve  initiated  from  the  major 
descending  branch  at  the  input  value  fl,  n(f )  is  the  number  of 
local  maxima  stored  by  the  model  at  time  r,  and  /+  is  the 
model  output  corresponding  to  the  state  of  positive  saturation 
(i.e.,  when  u(t)3*HM). 

In  the  particular  case  when  n(r)  =  l,  expression  (1)  will 
give  the  model  output  /,(f)  corresponding  to  the  input  field 
sequence  {/fM,^tt1,u(r)}.  If  u(r)=0,  this  input  sequence  can 
be  regarded  as  a  one-cycle  demagnetization  sequence  initi¬ 
ated  from  the  input  field  value  HM.  For  convenience,  /,(r) 
will  be  denoted  by  fm]  since  this  output  represents  a  residual 
value.  Thus,  Eq.  (1)  will  reduce  to  the  form 

/re.1  =/*.,.(>•  (2) 

Similarly,  the  model  output  /ra ,  corresponding  to  the  input 
field  sequence  can  be  given  by 

f **=/*,.  o-  <3> 

In  Ref.  6,  it  has  been  shown  that  global  linearization  of 
output  increments  computed  by  the  classical  Preisach  model, 
and  corresponding  to  two  different  input  sequences,  can  be 
performed  if  one  sequence  is  considered  as  a  perturbation  of 
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the  other.  This  approach  has  demonstrated  considerable  ac¬ 
curacy  for  output-dependent  models7  and  can,  as  well,  be 
applied  on  expressions  (2)  ami  (3). 

By  assuming  that  the  input  minimum  Siitt  perturba¬ 
tion  of  m ! ,  and  by  using  only  the  first  two  terms  of  Taylor 
expansion,  can  be  evaluated  in  terms  of  fml  as  follows: 


fnv’-f™  |+<«2-*|) 


dfp.O 


I 


(4) 


The  partial  derivative  in  Eq.  (4)  can  be  linearly  approximated 
by  the  expression, 


dfp,  0  (/ml  ~/ieil)) 

(»i-«to) 


where,  f„M  is  the  residual  output  corresponding  to  the  de¬ 
magnetization  cycle  whose  extrema  are  given  by  [H^  ,/n  ,„()}. 

Substituting  Eq.  (5)  into  Eq.  (4),  and  solving  for  the  only 
unknown  variable  m2  in  the  input  sequence  jn2, 0}  that 

would  result  in  a  zero  residual  output  (i.e.,  0),  we  get, 


n2mam  j  fK j| 


(m,  — biq) 

(/rest  /restl^ 


(6) 


Equation  (6)  suggests  that  sufficient  information  can  be 
drawn  from  the  results  of  two  preliminary  demagnetization 
cycles  to  come  up  with  a  possible  set  of  input  extrema  for  an 
additional  cycle  that  would  lead  to  a  zero  residual  magneti¬ 
zation  value.  These  two  preliminary  cycles  can  be  considered 
as  some  partial  identification  process  required  to  be  per¬ 
formed  on  the  sample.  It  may,  thus,  be  expected  that  the 
results  obtained  by  using  this  algorithm  would  be  indepen¬ 
dent  of  the  material  characteristics.  Practically,  however, 
achieving  a  zero  residual  magnetization  state  within  three 
cycles  might  not  be  possible  because  of  the  inherent  approxi¬ 
mations  in  Eq.  (6)  which  are  introduced  by  Eqs.  (4)  and  (5). 

In  the  case  when  the  residual  magnetization  value  is  not 
satisfactory  after  three  cycles,  the  algorithm  may  be  reap¬ 
plied,  in  a  recursive  manner,  by  first  performing  the  follow¬ 
ing  mathematical  steps,  in  the  given  order: 


/rest)  — /rest  and 


then  /rcs i — /rcs2  and  m,=m2.  (7) 

According  to  these  steps,  the  two  most  recent  cycles  will  be 
regarded  as  the  two  preliminary  ones  from  the  model’s  point 
of  view.  In  other  words,  it  updates  the  identification  process. 
The  new  value  m2  can  then  be  dynamically  calculated  using 
Eq.  (6)  and  an  additional  demagnetization  cycle  may  be  ini¬ 
tiated.  This  dynamic  recursive  approach  can  be  carried  out 
for  any  number  of  cycles  N» 3  until  the  desired  residual 
magnetization  level  is  achieved.  It  will  be  shown,  however, 
in  Sec.  Ill  that  remarkable  residual  magnetization  values 
have  been  reached  within  less  than  five  cycles.  It  should  be 
pointed  out  that  convergence  to  the  zero  residual  magnetiza¬ 
tion  value  is  guaranteed  by  the  fact  that  first-order  reversal 
curves  are  nonintersecting. 

In  order  to  utilize  and  verify  this  recursive  algorithm,  the 
digital  code  implementing  it  has  been  developed,  using  Test 
Development  Language  (TDL),  on  an  IBM  PC  controller  of 
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FIG.  1.  Demagnetization  performed  by  using  the  new  algorithm  on  a  dish 
sample  cut  from  (he  magnetic  strip  of  a  commercially  available  calling  card 
(3  cycles). 

a  (VSM).  A  TDL  digital  code  implementing  particular  de¬ 
magnetization  techniques  employing  finite  ac  field  cycles 
with  linearly  decaying  amplitudes  has  also  been  developed  to 
perform  comparisons  between  both  approaches. 

III.  EXPERIMENTAL  TESTING 

Experimental  testing  has  been  carried  out  on  various 
samples  having  different  applications.  All  experiments  have 
been  performed  by  using  a  PC  controlled  VSM  (LDJ  VSM 
model  9500)  at  the  LDJ  Magnetic  Measurement  Services 
Laboratory.  Throughout  the  tests,  minimum  values  m„  anc 

of  the  first  two  cycles  (i.e.,  the  original  identification 
cycles)  were  set  to  about  -1.5//,  and  -Hc,  respectively, 
where  Hc  is  the  sample  coercivity.  These  coercivity  values 
were  determined  by  tracing  the  major  hysteresis  loops  prior 
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FIG.  2.  Demagnetization  performed  by  using  the  conventional  algorithm  on 
the  same  sample  shown  in  Fig.  1  (20  cycles). 
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TABLE  1.  Sone  of  the  Med  uaplct  and  imU  of  dcaagneuzaaoii  ex 
pexirueors. 


Sample 

Barium 

ferrite 

BASF 

Cred.  card 
mag  strip 

Sccurif" 

tape 

Geom. 

Disk 

Disk 

Data 

Disk 

riimtna 

<1=5  .9  mm 
f*1.5  mm 

<f  —  6.5  mm 

J  =63  mm 

d  =6.5  mm 

H, 

3724  Oe 

633  Oe 

209  Oe 

505  Oe 

SR 

039 

0.6b 

0  32 

0.55 

M, 

3.321 

4.55£-Q3 

4  966 

1.059£  -03 

2.557£-Q2 

2.501£-04 

1  564£-03 

?  439 £-06 

/•-« 

1.031 

1.002£-Q3 

2.794£-03 

4. 199£-04 

A#  units 

cm 

cm 

emu 

emu 

lo  starting  the  demagnetization  process,  for  tape  and  floppy 
disk  samples,  fields  were  applied  along  their  intended  longi¬ 
tudinal  recording  directions.  Bulk  samples  of  the  unoriented 
type,  on  the  other  band,  were  appropriately  positioned  to 
minimize  demagnetization  effects.  Figure  1  shows  the  result 
of  applying  a  total  of  three  demagnetization  cycles  utilizing 
the  presented  algorithm  on  a  sample  of  high  squareness  ratio 
(SR=0.83),  having  a  diameter  rf =6.5  mm,  and  cut  from  the 
magnetic  strip  of  a  commercially  available  calling  card.  The 
effect  of  demagnetizing  the  same  sample  by  an  ac  field  that 
linearly  decays  over  20  cycles  is  demonstrated  in  Fig.  2. 

Data  concerning  some  of  the  other  magnetic  samples 
chosen  for  experimental  testing  are  given  in  Table  I.  In  Table 
(,  M,  denotes  the  remanent  magnetization  of  the  major  loop, 
SR  is  the  squareness  ratio,  while,  /„,4)  and  20)  represent 
the  residual  magnetization  achieved  after  four  cycles  of  the 
new  algorithm  and  20  cycles  of  the  aforementioned  conven¬ 
tional  one,  respectively.  In  Fig.  3,  the  result  of  applying  the 
new  demagnetization  algorithm  on  the  bulk  barium  ferrite 
sample  (i.e.,  the  first  samples  in  Table  I)  is  given.  Because  of 
the  space  limitation,  other  results  are  not  included  in  graphi¬ 
cal  form.  Nevertheless,  the  effectiveness  of  both  algorithms 
on  demagnetizing  various  samples  can  be  easily  extracted 
from  the  residual  and  remanent  magnetization  values  given 
in  Table  I. 

it  can  be  concluded  from  these  experimental  results  that 
the  residual  magnetization  levels  achieved  within  four  cycles 
by  using  the  introduced  algorithm  are  significantly  less  than 
those  achieved  by  the  aforementioned  conventional  algo¬ 
rithm  after  20  demagnetization  cycles.  In  other  words,  the 
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FIG.  3.  Dcmagnetizatkoo  performed  by  usieg  the  new  algorithm  on  a  bulk 
barium  ferrite  sample  in  the  form  of  a  disk  (four  cycles). 

new  algorithm  is  more  efficient  than  the  particular  conven¬ 
tional  one  discussed  in  this  paper.  Results  in  Table  1  also 
suggest  that  the  new  algorithm  leads  to,  somewhat,  consis¬ 
tent  favorable  results  irrespective  of  the  sample  involved  in 
the  demagnetization  process.  This  can  be  mainly  attributed  to 
the  fact  that  material  characteristics  are  taken  into  account 
during  the  demagnetization  procedure  through  the  identifica¬ 
tion  process  performed  by  the  algorithm.  Conventional  ac 
algorithms  discussed  in  this  paper,  on  the  other  hand,  do  not 
involve  material  characteristics  in  the  demagnetization  pro¬ 
cess  and,  for  this  reason,  their  performance  may  widely  vary 
depending  on  the  material  as  shown  in  Table  I  as  well  as 
Fig.  2. 
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Interpreting  logarithmic  decay 
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We  consider  an  array  of  thermally  relaxing  single  domain  particles  with  lognormal  distribution  of 
nucleation  fields.  At  a  constant  applied  field  we  calculate  the  mean  magnetization  and  the  magnetic 
viscosity  and  irreversible  susceptibility  due  to  thermal  activation,  and  analyze  the  existence 
conditions  of  logarithmic  decay  and  the  time  interval  on  which  it  can  be  observed.  For  very  narrow 
distributions  multiexponential  decay  is  obtained.  An  approximate  relation  between  magnetic 
viscosity  and  irreversible  susceptibility  is  proposed  and  the  influence  of  activation  volume 
distribution  is  included. 


I.  INTRODUCTION 

This  work  is  a  sequel  to  a  previous  publication1  in 
which,  following  Aharoni’s  suggestion.2  we  studied,  from  a 
purely  mathematical  point  of  view,  the  mean  magnetization 
of  an  ensemble  of  thermally  relaxing  single  domain  uniaxial 
particles  with  energy, 

E  =  V[K(\-a\)-HMsay\=VK(\-a\-2hai),  (1) 

and  lognormally  distributed  activation  volumes, 
/>(V0  =  («V)-1(2rr)'l,2exp[-(2^)"1ln2u],  v  =  V/V0.  Fur¬ 
ther,  a3  is  a  direction  cosine,  K  is  the  anisotropy  constant, 
Ms  is  the  saturation  magnetization,  and  h  —  HIH„  is  the  ap¬ 
plied  field  scaled  by  the  nucleation  field  H„=2KIMS .  Here 
we  carry  out  this  piogram  for  an  ensemble  in  which  the 
nucleation  fields  H„  are  lognormally  distributed, 
/>(//„)  =  (o-//„)-1(2rr)-l'2exp[-(2rr2)-1  ln2h„],  h=HJ 
H„0.  Such  distribution3  arises,  e.g.,  due  to  variation  in  de¬ 
magnetizing  fields  (dependent  on  shape,  inclusions,  interpar¬ 
ticle  interactions,  etc.),  which  randomly  modify  the  nucle¬ 
ation  fields  of  individual  particles.  We  analyze  and  tabulate 
the  integral  expressions  for  the  mean  magnetization  and  the 
corresponding  thermal  activation-type  magnetic  viscosity 
and  irreversible  susceptibility,  and  then  propose  a  simple  ap¬ 
proximate  relation  between  the  latter  two  quantities. 

II.  THE  MASTER  EQUATION 

For  fields  |A|<1  at  sufficiently  low  temperature  T,  the 
system  ( 1 )  may  be  treated  as  having  two  levels  with  occupa¬ 
tion  numbers  n,(r)  and  n20)=  1  ~ni(0  and  thermal  jump 
probabilities  *,,  —  *,-.;  .  Its  evolution  is  given  by  the  master 
equation 


stationary  state  mI(j  of  Eq.  (3)  yields  the  correct  (quadratic 
approximation)  result  only  if  tcyj  are  calculated  within  the 
transition  state  theory,5  exp {—QJT),  where  to,  is  the 

frequency  at  the  bottom  of  the  ith  well  of  depth  Q,  (we  set 
ttB=l).  A  dissipative  constant  dependent  prefactor4-5  would 
introduce  unphysical  terms  into  mtq. 

Let  us  set  m(0)=-l.  For  A >0  and  T— 0,  Eq.  (3)  then 
takes  on  the  simple  form  m(t)  —  1  —  2e~’“,  since  n, , Sj- 
=tc(Hn,H)=<oi  exp[-Q1(tf„,//)/7'],  where  2Q,(h,H„) 
=  MSVH„(  \  -h)1<2Q1.  For  the  prefactor1  we  may  set  here 
=<?25  Hz. 

Yet,  for  brevity,  we  introduce  the  notation 
Q=MSVHJ  2. 

111.  THE  MEAN  EVOLUTION 

The  most  probable  nucleation  field  within  the  ensemble 
is  Hnp=Hp0  exp(-  <r);  we  shall  assume  (in  order  to  define  a 
convenient  time  scale)  that  the  applied  reversing  field  H  sat¬ 
isfies  the  condition  0 <H<H„p  and  write  pp=H/H„p<\. 
The  number  of  particles  with  nucleation  fields  is 

n  <(//)  =  [  1  +  Erf( In  Plt/2tr)]l2,  (4) 

where  fl=HIHn0  and  Erf(x)  is  the  error  function.  These  par¬ 
ticles  reverse,  by  assumption,  immediately  while  the  remain¬ 
ing  n>(H)=  1  -«<(//)  particles  switch  thermally,  each  with 
its  particular  decay  rate  «(/.'„,//).  On  averaging  the  thermal 
decay  law  over  the  lognormal  distribution  of  nucleation 
fields,  we  obtain  the  expectation  value  of  the  net  system 
magnetization  in  the  form 

(m(T,p))  =  \-2n>(H)Il(T,f}\<r),  (5) 

where  the  integral  /,  is  defined  as 


d  /  ZI  i  \  _  /  *12  *2!  \  /«|\ 

dr  \«2  /  \  *12  -*2l/'n2/' 


(2) 


/1(t,/3|ct)  =  o-  1  (  2  7r) 


d*  gi(x) 


The  reduced  magnetization  m(t)=M(t)/Ms=n2(t)-n\(t) 
is 

m(r)  =  meq-2(n,(0)  -  ^]exp[-(K,2+  *2i)r],  (3) 

where  mt(,=(*i2_*2i)/(*i2+*2i)  and  M=*2i/(*t2+*2i)- 
should  be  noted  that  as  opposed  to  a  Fokker-Planck  equa¬ 
tion,  which  goes  to  thermal  equilibrium  by  construction,4  the 


Xexp[-T£2(x)J  |x (6) 

with  g,(x)=x~' exp[-(2o2)”1  ln2x]  and  g2(x) 
=exp[-)2x(l  -  f}/x)2  +  q j.  Here  we  also  introduced  the  re¬ 
duced  time  t=ik{H„p,H),  where  tc(H„p,H)  =exp(25 -q) 
is  the  relaxation  rate  associated  with  the  most  probable 
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nucleation  field  H,p  and  q  =  Q(  1  -  pp)2  exp  (-a2).  The  mag¬ 
netic  viscosity  S  is  defined  by  means  of  the  derivative 

d{m(T,P))  2n>  [•  ;  ,  ,  . 

-nn-  \/x  *i(')T*2U) 

x  exp[  _  rg2(x )  ] = 2n  >/2(  r,  0|  cr),  (7) 

and  the  irreversible  susceptibility  Xm  by  means  of 
3(m(r,P))  J*i> 


ap  ’  2{  ap  r 

where,  by  virtue  of  Eqs.  (4)  and  (6), 

an>  , 

-F=-0Srr)-‘(2ir)-1/2 

ap 

Xexp{-(2 cr2)"1  In2  #j. 


(8) 


(9) 


^  =-(P<y)  1  (2 it)  1/2  exp(-(2(72)  1ln2/S-re,J 
-/3(t,/S|o),  (10) 

xexp(-rg2(x)].  (11) 

The  integrand  of  /2  in  Eq.  (7)  is  a  product1  of  the  peaked 
functions  g,(x)  and  g2(x)e"  r®2W:  The  function  g,(x)  origi¬ 
nates  from  the  lognormal  distribution  of  H„ ,  and  has  an  im¬ 
mobile  maximum  at  the  point  x10=exp(-<r2).  The  extremal 
properties  of  the  function  g2erg!  are  determined  by  the 
time-dependent  factor 

A2(r)  =  (2/90  +  q  +  lnr)2-40202.  (12) 

For  sufficiently  large  times,  A2(t)>0  and  g2e"  r®2  has  a  mov¬ 
able  peak  at 

xzo(T)  =  [2PQ±q  +  \n  r+A(r)]/(20),  (13) 

which  shifts  to  the  right  with  increasing  time.  If  A2(t)<0,  on 
the  other  hand,  then  g2e"r®2  has  only  an  immobile  maxi¬ 
mum  at \=p  (the  edge  of  integration  domain).  For  A2(t)>0, 
this  point  becomes  a  local  minimum  and  x2n(  t)  of  Eq.  (13) 
gives  the  position  of  the  movable  peak,  which  has  split  from 
the  point  x=P  at  time  r0,  A(t0)=0.  In  Fig.  1  we  plot  the 
integrals  f,  and  /2  versus  the  relaxation  time  «"'((//„), H) 
=exp[0(l  -p„)2  exp(<r2/2)-25],  pp=H/(H„),  associated 
with  the  average  nucleation  field.  The  large  initial  slope  of 
the  function  / j  is  easily  understood:  The  fraction  of  particles 
with  Hn<(Hn)  =  H„0  expio2#)  increases  with  cr,  and  these 
particles  switch  rapidly  on  the  time  scale  of  ). 

The  small  a  curves,  though  exhibiting  no  logarithmic  decay, 
cannot  be  approximated  by  a  single  exponent  but  very  well 
by  a  sum6  of  exponential  terms. 

The  overall  structure  of  the  functions  /,  and  I2  is  re¬ 
markably  insensitive  to  the  magnitude  of  applied  field; 
/j-* const  at  its  maximum  value,  that  is,  on  a  time  interval 
during  which  the  movable  peak  x^It)  of  Eq.  (13)  overlaps 
the  immobile  peak  at  Xio=exp(-cr2).  If  t  =  px  \(H„),H) 
and  Q  is  sufficiently  large,  then  Eq.  (13)  becomes 


FIG.  1.  The  integrals  I\(p,Pp\o)  (full  lines)  and  ^(p./S^o-)  (dashed  lines, 
denote  the  scale)  plotted  versus  the  reduced  time  p=tK((H„),H).  The  ap¬ 
plied  field  is  pp=H/H„p  = 0.1  and  <r=0.05  (*),  0.1  (O),  0.3  (•).  and  0.6 
(unmarked).  In  all  cases  k~1(H„p,H)~1  y*. 


-t2o(f)=“exp(£r2/2)  +  0  l  In  p,  (14) 

and  logarithmic  decay  is  observed  if  x2o(r)“X|0.  For  large 
cr  the  peak  of  g,(r)  is  very  broad,  and  this  overlapping  con¬ 
dition  is  easily  satisfied  for  long  time  intervals  on  which  /2 
maintains  its  maximum  value.  With  increasing  cr,  the  peak 
value  of  gi(x)  decreases,  and  so  does  the  peak  value  of  /2 
The  result  (14)  was  also  obtained1  by  averaging  with  respect 
to  V ;  in  this  case  it  is  exact  and  p=r<c((  V)),  where  /cf(V'))  is 
the  decay  rate  associated  with  the  average  volume.  The  over¬ 
lap  of  two  peaks,  which,  here,  happen  to  be  of  essentially 
equal  height  and  width  apparently  disqualifies  any  attempts 
to  expand  g,(x)  into  a  power  series:7  These  expansions  in¬ 
variably  result  in  linear  dependence  of  /2  on  T,  whereas 
f2«T,/2  according  to  Fig.  2;  /2«TI/2  also  holds  for  averages 
over  V. 


IV.  THE  VISCOSITY  PARAMETER 

In  our  study1  of  averages  over  activation  volumes,  we 
found  that  the  relation 


(15) 


defining  the  viscosity  parameter  Sv=S/Xm>  is  well  satisfied 
for  lognormal  distribution  of  V  with  f=s0.6.  In  the  present 
case  the  activation  energy  density  Z{x,P)  =  Qx(l  —  p/x)2/V, 
x  =  HJH„0,  depends  on  the  random  nucleation  field.  We  find 
that  the  best  fit  between  the  two  derivatives  (7)  and  (8)  is 
obtained  if  one  evaluates  d%{x,p)iap  at  the  point 
(x)=exp(o2/2),  i.e.,  at  the  average  nucleation  field.  In  Fig.  3 
we  plot,  for  selected  values  of  p  and  o,  the  ratio  of  Eq.  (8)  to 
Eq.  (7)  scaled  by  the  proposed  factor: 


v(t,P\<t)  = 


a%{{x),p) 

n>  sp 


h(.r,P\<r) 
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FIG.  2.  The  integral  /}(l,/9p|0.3)  plotted  versus  Tva.  Applied  field  is  fip= 0 
(unmarked  curve,  valid  as  a  limiting  value  only 1,  0.3  (*),  0.4  (□),  0.5  (O), 
and  0.8  (*).  This  graph  arid  the  structure  of  the  Arrhenius  factor  suggest  that 
/2oc 7'i/2/( i  — *).  The  highest  temperature  corresponds  to  1(//wp  .0)=  1  s, 
the  lowest  one  to  k~  x(Hmp  ,0)=  10*  yr. 


/,(r,/3|<r)  /  In2  0\ 

/3<r(2rr)U2  6XPl  ~2aT 


In2  0 

0^2^  eXpl  “2^ 


+  req 


+f3(r,0\tr) 


(16) 


We  see  that  to  a  good  approximation  v~  I  for  sufficiently 
small  reversing  field  0  and  parameters  <r.  Deviations  (on  the 
order  of  unity)  are  observed  only  for  large  a  and/or  large  0. 
We  therefore  propose  that  the  relation  (15)  be  modified  as 

3{M)  (V)  /  d(M)\ 

SH  '  T  dH  \  <?  In  77 '  ' ’ 


The  existence  of  logarithmic  decay  has  a  sound  analytic 
foundation  in  the  overlapping  condition  and  in  the  logarith¬ 
mic  r  dependence  of  Eq.  (14),  both  of  which  are  independent 
of  the  specific  distribution  of  H„ ,  which  merely  alters  the 
peak  value  of  l2  and  the  time  interval  over  which  it  is  main¬ 
tained.  On  the  other  hand,  Eqs.  (15)  and  (17)  are  empirical 
results  of  unclear  mathematical  origin.  We  have  tested  them 


,  -  40*  — 


•-  —  <*-  «-  »  j 
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=0=  **  *»  W-  w  * 
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FIG.  3.  The  ratio  vip,Pp\<r)  plotted  versus  the  reduced  time  p=r*(<//„),//). 
The  families  of  plots  are  offset  by  the  values  A tKfip)=  -0.5  for  0p=O.l,  by 
0  for  0p=O.3,  by  0.5  for  ^,-0.5,  and  by  I  for  fip=0.8.  Further,  <7=0.05  (*), 
0.1  (O),  0.3  (*),  and  0.4  (unmarked).  In  all  cases  yr. 

for  other  distributions  (e.g.,  xe"<^/‘,")  and  obtained  similar 
results  as  for  the  lognormal  distribution:  At  very  small  <r, 
logarithic  decay  is  not  observed  but  v~<l  all  the  same.  At 
large  a  or  large  fields  logarithmic  decay  is  present,  but  5  &xtn 
only  at  very  large  times,  and  the  constant  of  proportionality 
must  be  chosen  differently  (see  Fig.  3).  Clearly,  analytic 
study  of  the  integrals  /2  and  /}  is  required  to  clarify  their 
relation. 
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Magnetization  processes  in  Co-Cr  submicron  samples:  Hail  measurements 
and  micromag netic  simulations 

M.  van  Kooten,  S.  de  Haan,  J.  C.  Lodder,  and  Th.  J.  A.  Popma 

Mesa  Research  Institute,  University  ofTwente  PO  Bax  217,  NL-7500AE,  Enschede,  The  Netherlands 

The  magnetization  reversal  of  Co-Cr  with  perpendicular  anisotropy  is  studied  by  anomalous  Hall 
effect  measurements  and  by  micromagnetic  simulations.  In  a  measured  hysteresis  loop  of  a  300 
nm X 300  nm  sample  (consisting  of  approximately  40  columns  of  Co-Cr),  discrete  jumps  are 
observed,  together  with  a  more  or  less  continuous  change  in  magnetization,  the  latter  with  both 
positive  and  negative  sign.  The  continuous  and  discrete  parts  of  the  hysteresis  loop  are  separated  to 
extract  micromagnetic  information  from  the  anomalous  Hall  measurement.  The  discrete  jumps  are 
attributed  to  parts  of  columns  that  switch  irreversibly,  the  continuous  magnetization  change  is 
attributed  to  reversible  rotation,  partly  of  volumes  with  in-plane  anisotropy.  These  assumptions  are 
checked  by  means  of  a  micromagnetic  model. 


I.  INTRODUCTION 

The  magnetization  reversal  mechanism  of  Co-Cr  for 
perpendicular  recording  is  still  not  entirely  understood.  Nei¬ 
ther  domain  wall  motion  nor  incoherent  reversal  are  able  to 
explain  the  behavior,  especially  for  the  high  coercivity  films. 
Anomalous  Hall  effect  measurements  are  applied  on  Co-Cr. 
With  suitable  lithography  and  etching,  the  measurement  area 
can  be  as  small  as  (300  nm)2.1  With  this  technique,  the  re¬ 
versal  can  be  clearified  up  to  a  great  extent.  For  this  purpose, 
we  used  the  step  size  distribution  in  the  measured  hysteresis 
loop.1  To  interpret  the  measured  hysteresis  loops,  simulations 
are  neccesary  to  check  whether  intuitive  models  are  correct 
or  need  extension.  Micromagnetic  simulations  are  believed 
to  be  most  suitable  for  this  task,  because  they  start  with  first 
principles  (exchange,  magnetization,  anisotropy,  and  mor¬ 
phology)  and  yield  hysteresis  loops  and  magnetization  pat¬ 
terns.  The  morphology,  the  texture,  and  the  composition  are 
incorporated  into  the  model  by  varying  the  exchange,  the 
magnetization,  and  the  anisotropy  locally. 


II.  ANOMALOUS  HALL  MEASUREMENTS 

A  Co-Cr  sample  with  a  Cr  content  of  23  at.  %  is  sput¬ 
tered  on  Si  covered  with  thin  layer  of  Si02.  The  unetched 
sample  has  an  M,  of  321  kA/m  and  a  perpendicular  coerciv¬ 
ity  Hc  of  93  kA/m.  The  film  thickness  is  200  nm  and  the 
average  column  size  at  the  surface  is  60  nm.  The  samples  are 
etched  to  a  Hall  cross  geometry  with  a  central  area  of  (300 
nm)2.2  The  measurement  area  contains  approximately  40  col¬ 
umns.  At  least  70%  of  the  contribution  to  the  Hall  voltage 
comes  from  the  central  area  of  the  sample  of  (300  nm)2.3 

In  the  anomalous  Hall  effect  measurement  setup,  a  cur¬ 
rent  is  sent  through  the  sample,  and  the  voltage  perpendicu¬ 
lar  to  the  current,  is  measured.  The  hysteresis  loop  of  an 
etched  sample  is  shown  in  Fig.  I.1  The  loop  shows  many 
more  large  discrete  magnetization  changes  (steps)  as  there 
are  columns  and  a  more  or  less  continuous  magnetization 
change  between  the  steps.  Further,  changes  with  a  negative 
AM  can  be  seen.  Five  steps  corresponding  to  the  switching 
of  one  column  are  found,  but  most  steps  are  smaller  than  2% 
of  M,,  corresponding  to  less  than  half  a  column.  The 


Johnson  noise  of  the  sample  is  the  main  source  of  noise  and 
is  estimated  to  correspond  with  0.00 1M,  in  the  Hall  loop. 
This  threshold  is  indicated  in  Fig.  1 . 

The  measured  hysteresis  loops  are  decomposed  as  fol¬ 
lows:  The  changes  in  magnetization  AM  after  each  field  step 
(see  Fig.  1)  are  categorized  into  five  different  classes: 

I.  AM>0.003M,  [equivalent  to  >  (30  nm)3]; 

II.  0.003M,>AM>0.001MS; 

III.  0.001MS>AM>0; 

IV.  0> AM>  —  0.001M, ;  and  V.  -0.001MS>AM. 
The  steps  of  the  different  classes  are  put  together  to  a 

hysteresis  loop  again  (see  Fig.  2  for  a  clarification  of  the 
method).  Since  one  extracted  hysteresis  loop  consists  only  of 
magnetization  changes  of  one  class,  we  will  call  these  loops 
Stepsize-distinguished  Partial  Hysteresis  loops  (SPH).  The 
superposition  of  the  SPHs  from  class  (1),  (II),  and  (III)  yield 
a  loop  with  a  “saturation  magnetization”  of  1.3M, 

The  Hall  loop,  together  with  the  SPHs,  are  shown  in  Fig. 
3.  The  shapes  of  the  SPHs  are  very  different.  Loop  I  in  Fig. 


FIG.  1 .  The  hysteresis  loop  of  the  etched  sample3  with  the  definition  of  AM 
for  both  the  descending  and  the  ascending  branch.  Inset:  enlarged  part  of  the 
loop  with  clearly  visible  steps  and  the  thresholds  (see  the  teat). 
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RG.  2.  Example  of  the  extraction  of  two  step  size-distinguished  partial 
hysteresis  loops  (SPHs).  Changes  smaller  than  the  discrimination  level  (up¬ 
per  curve)  and  changes  larger  than  the  discrimination  level  (lower  curve)  are 
separated. 


3(a),  consisting  of  AMs  from  class  I,  is  an  almost  ideal  hys¬ 
teresis  loop  of  a  particulate  medium  with  perpendicular  an¬ 
isotropy.  The  loop  shows  the  usual  shearing  due  to  demag¬ 
netization,  a  sharp  onset  of  magnetization  reversal,  and  only 
a  small  “tail,”  a  decrease  of  the  slope  at  the  end  of  magne¬ 
tization  reversal.  The  coercivity  is  10%  higher  than  the  co- 
ercivity  oi  the  original  hysteresis  loop.  Loop  II,  consisting  of 
AMs  from  class  II,  is  clearly  different.  It  shows  a  gradual 
onset  of  magnetization  reversal,  no  tail,  and  a  coercivity  that 
is  about  half  of  the  film  coercivity.  The  loop  consisting  of 
negative  changes  above  the  noise  level  [V  in  Fig.  3(b)]  has 
the  same  properties  as  loop  II,  except  for  the  lower  saturation 
value.  The  loops  consisting  of  magnetization  changes  below 
the  noise  level  (III  and  IV)  show  hysteresis  and  saturation. 
We  tend  to  attribute  this,  at  least  partly,  to  magnetization 
reversal. 

The  number  of  magnetization  changes  of  class  I  is  155, 
much  larger  than  the  number  of  columns  in  the  measurement 
area.  This  indicates  that  the  column  is  not  the  smallest  mag¬ 
netic  unit  in  this  particular  Co-Cr  film.  A  microstructure  that 
could  explain  this  is  the  CP  structure,4  where  small  Co-rich 
platelets  are  embedded  in  a  Cr-rich  matrix  inside  the  column. 
The  small  changes  can  be  explained  by  reversible  rotation  of 
regions  with  in-plane  anisotropy,5  which  have  no  perpen¬ 
dicular  anisotropy.  The  negative  AMs  might  indicate  the 
presence  of  magnetic  volumes  at  the  limit  of  superparamag¬ 
netism.  According  to  the  step  size,  their  volume  could  be 
around  (20  nm)3.  When  using  the  Neel-Arrhenius  law  for 
time  decay  in  particle  assemblies  l/r=  10 ~9  expfK^V/kT)6 
the  estimated  supetparamagnetic  limit  of  Co-Cr  is  (8  nm)3 
when  using  a  relaxation  time  r  of  100  s  and  an  anisotropy 
constant  K,  of  1.6X  105  J/m3.  For  particulate  media,  it  is  also 
observed  that  the  mentioned  formula  does  predict  the  so- 
called  activation  volume,  which  is  much  smaller  than  the 
particle  volume.7  The  magnitude  of  the  SPH  of  class  V  can 
be  an  indication  for  the  volume  fraction  of  magnetic  units  at 
the  superparamagnetic  limit.  With  a  micromagnetic  model, 


FIG.  3.  The  original  Hall  loop  and  itae  various  step  size -distinguished  partial 
hysteresis  loops  (SPHs). 


the  influence  of  some  microstmctural  parameters  on  the  ob¬ 
served  magnetic  behavior  are  investigated. 

III.  MICROMAGNETIC  SIMULATIONS 

The  used  micromagnetic  model8  consists  of  particles  in 
the  shape  of  cubes  of  (50  nm)3,  which  are  subdivided  into 
cubic  elements  of  (5  nm)3  with  uniform  magnetization.  Ex¬ 
change  between  the  particles  is  modeled  by  assigning  an  ex¬ 
change  to  a  few  randomly  chosen  element  pairs,  which  are 
on  the  particle  boundaries.  The  initial  layer,  as  present  in  our 
Co-Cr,  is  modeled  by  assigning  an  in-plane  easy  axis  to 
cubes  of  eight  elements  on  the  bottom  two  rows  of  elements 
in  the  model.  These  cubes  are  exchange  coupled  to  the  par¬ 
ticle  to  which  they  belong. 

A  typical  simulated  hysteresis  loop  of  a  25  particle  clus¬ 
ter  with  the  SPH  containing  magnetization  changes  smaller 
than  0.003  Ms  is  shown  in  Fig.  4.  These  changes  are  due  to 
reversible  magnetization  rotation.  Like  in  the  measurement, 
the  coercivity  of  the  SPH  is  about  half  the  coercivity  of  the 
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FIG.  4.  A  typical  simulated  hysteresis  loop  and  the  SPH  containing  the 
reversible  rotation.  The  volume  with  in-plane  anisotropy  is  2*%,  the  ex¬ 
change  coupling  between  the  panici*:-  is  20*%.  and  the  spread  of  the  easy 
axes  of  the  panicles  is  V. 


whole  system.  Immediately  observable  and  comparable 
quantities  of  the  simulations  are  the  coercivity  of  the  major 
loop  Hc ,  the  coercivity  of  the  SPH  Hc  Iev,  and  the  contribu¬ 
tion  of  the  SPH  to  the  total  hysteresis  loop  Mm ,  which  are 
indicated  in  Fig.  4. 

A  moderate  spread  of  the  easy  axes  of  the  particles  (up 
to  15°)  only  influence  Hc ,  //c  rev,  and  Af ,  by  a  few  percent. 
The  initial  layer  volume  affects,  as  expected,  consider¬ 
ably  (Fig,.  5).  On  the  basis  of  this  quantity,  an  estimate  of  the 
total  volume  with  in-plane  anisotropy  can  be  made.  In  Fig.  5, 
Ht  and  Hc  lev  are  shown  as  a  function  of  the  initial  layer 
volume.  The  sharp  decrease  of  Hc  with  increasing  initial 
layer  volume  can  partly  be  attributed  to  the  artificially  high 
switching  field  of  micromagneticaliv  m  odeled  particles 
(Brown's  paradox9),  the  reversal  of  the  initi.il  layer  facilitates 
nucleation  of  particle  reversal.  HC  Ky  can,  like  Afrev ,  be  used 
to  estimate  the  volume  fraction  of  the  initial  layer  of  the 
investigated  Co-Cr  sample,  since  reversible  rotation  ip.  the 
regions  with  perpendicular  anisotropy  yields  a  Hc  m  almost 
equal  to  Hc ,  as  can  be  concluded  from  the  simulation  with 
no  initial  layer.  With  increasing  initial  layer  volume,  Hc  tzw 
decreases  rapidly.  Simulations  show  further,  in  agreement 
with  Ref.  10,  that  exchange  interaction  between  the  particles 
lowers  Hc  considerably  (20%  exchange  lowers  Hc  by  25%). 
Exchange  interaction  does  not  affect  H,  rev  and  M„y . 

IV.  CONCLUSIONS 

We  showed  that  the  analysis  of  hysteresis  loops  of  sub¬ 
micron  Co-Cr  samples  on  the  basis  of  the  measured  magne¬ 
tization  changes  yields  info.mation  on  distinguishable  mag- 
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FIG.  S.  The  magnitude  of  the  SPH  and  the  coeicivities  of  the  original 
loops  (f/c)  and  of  the  SPH  (//,.«,)  as  a  function  of  the  volume  fraction  of 
the  initial  layer. 

netic  volumes  in  the  sample.  The  size  of  the  measured 
discrete  magnetization  changes  shows  that  the  average  mag¬ 
netic  unit  in  Co-Cr  is  considerably  smaller  than  one  column. 
We  observed  five  steps  of  approximately  one  column,  the 
rest  of  the  steps  is  smaller.  From  the  presence  of  negative 
AAfs  and  their  distribution  along  the  hysteresis  loop,  we  con¬ 
clude  that  magnetic  units  on  the  limit  of  superparamagnetism 
could  be  present  in  Co-Cr.  Magnetic  viscosity  measure¬ 
ments  and  temperature-dependent  hysteresis  measurements 
will  have  to  give  more  information  about  this. 

Simulations  show  that  the  initial  layer  has  a  large  effect 
on  the  magnetization  processes  in  the  film.  Its  magnetization 
process  is  reversible  rotation.  Simulations  show  further  that 
the  exchange  coupling  of  the  initial  layer  with  the  columns 
facilitates  their  magnetic  reversal. 
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Frequency  dependence  of  hysteresis  curves  in  conducting 
magnetic  materials  (abstract) 

0.  C.  Jites 

Ames  Laboratory,  Iowa  Stale  University,  Ames,  Iowa  50011 

An  extension  of  the  differential  equation  for  hysteresis  has  been  developed,  which  takes  into  account 
the  effects  of  eddy  currents  on  the  e*steresis  curves  in  electrically  conducting  media.  In  the 
derivation  presented,  it  is  assumed  that  the  frequency  of  the  applied  field  is  low  enough  (or  the 
thickness  of  the  material  medium  small  enough)  that  the  skin  effect  can  be  ignored.  In  this  case,  the 
DC  hysteresis  equation  is  extended  by  the  addition  of  a  term  depending  on  (i)  the  rate  of  change  of 
magnetization  with  time,  (ii)  the  resistivity  of  the  material,  and  (iii)  the  shape  of  the  specimen.  In 
the  limit,  as  the  frequency  of  the  exciting  field  tends  to  zero,  the  frequency-dependent  hysteresis 
curve  approaches  the  DC  curve. 
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Hierarchical  scaling:  An  analytical  approach  to  slow  relaxations  in  spin 
glasses,  glasses,  and  other  correlated  systems  (Invited) 

J.  Souletie 

Centre  de  Redterckes  svr  les  Trie  Basses  Temperatures,  Laboratoire  associe  a  I’Universite  Josenh  Fourier, 

CNRS,  BP  166,  36042  Grenoble -Cedes  9,  France 

A  model  has  been  developed  that  associates  a  hierarchical  criterion  to  the  usual  renormalization  of 
the  distances  near  a  phase  transition.  At  times  r  smaller  than  t„*(1  -  1JT)1",  which  diverges  at 
rc,itis  found  that  the  relaxation  develops  at  a  scale  s(l),  which  is  a  power  law  of  the  time  elapsed: 

I  s  *  tTUT‘.  If  one  sits  in  the  ergodic  regime  T>TC ,  the  system  abruptly  reaches  an  equilibrium  at 

*  s(Ta)~HJ)~Ta'l‘-  If  T<TC,  by  contrast,  it  deviates  to  logarithmic  behavior.  The  a  relaxation  is 

well  approximated  by  a  stretched  exponential  expf-r/r,,)*71,  which  traduces  the  effect  of 
underlying  lognormal  statistics.  The  exponent  0(T)*[1  -b  ln(  1  -  TCIT)Y 12  would  cancel  at  Tc  if 
it  was  possible  to  wait  for  th.  'ample  to  equilibrate  at  this  temperature.  The  model  has  the  necessary 
ingredients  to  describe  effects  that  have  been  reported  in  both  the  “activated”  nonetgodic  regime 
and  in  the  critical  regime  of  spin  glasses,  and  of  other  correlated  systems  like  orientational  glasses, 
glass-forming  liquids,  and  vortex  glasses.  A  possible  extension  of  the  model  is  discussed  to  describe 
the  “macroscopic  quantum  effects.” 
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I 


i 


! 
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I.  LOGNORMAL  STATISTICS 

Usual  scaling  accounts  for  the  static  properties  of  corre¬ 
lated  systems  by  referring  to  a  renormalized  characteristic 
scale  £(T)  different  from  the  natural  atomic  length  where 
the  interaction  sits.  The  assumption  is 


ter  many  steps  the  variance  cr2  and  the  most  probable  value 
\n(rjTa)  are  proportional  to  the  number  of  renormalization 
steps  hence  to  each  other.  This  leads  to 

ra  ,  /  Tc\  8  z6Tc 

In  —  xtpx-zv  ln|  1-yjxz  -  +  -y-  •••  .  (4) 


where  6=  vTc  is  a  natural  energy  scale  to  measure  the  tem¬ 
perature.  Then  through  renormalization  the  different  thermo¬ 
dynamic  quantities  can  be  expressed  in  terms  of  powers  of 
the  f(T)  dependence.  Comparing  two  equilibrium  situations 
and  $„+l  =  2"in  suppose  we  observe  that  their  relaxation 
times  are  r„  and  r„+1  =  2,‘r„ .  (In  these  statistical  systems, 
some  event  at  scale  n  + 1  always  comes  in  coincidence  with 
the  relaxation  of  one  object  at  scale  n):  We  call  hierarchical 
scaling  the  situation  where  we  have  a  given  p  for  a  given  a1 
as  it  associates  a  hierarchical  criterion  with  the  usual  renor¬ 
malization  of  distances  (say  Palmer  et  al.2  with  Kadanoff). 
Iterating  n  times,  we  find 

when 

r„=2'‘r„_1  =  2*'‘r0,  (2) 


which  leads  to  the  so-called  dynamic  scaling  hypothesis, 


where  z - , 

a 


(3) 


and  critical  slowing  down  follows  if  we  use  Eq.  (1). 

In  the  presence  of  disorder  on  p,  then  ln(r/r0)=2/x  is  a 
sum  of  random  variable.  From  the  central  limit  theorem,  af¬ 


A  log-normal  distribution  is  found  as  in  other  cases, 
where  a  recipe  [Eq.  (2)]  is  applied  and  repeated  again  and 
again:  this  is  how  nature  proceeds,  hence  the  importance  of 
log-normal  distributions  in  physics.1'3 

The  response  of  many  individual  relaxations  s(f/r)  is 

m=J  P( In  T)s|-jrf  In  r.  (5) 

The  usual  exponential  form  of  s(t/ t)  would  correspond 
to  a  sharp  cutoff  in  the  In  r  scale,  where  P( In  r)  is  a  Gauss¬ 
ian.  Then 

m~J  P( In  r)d  In  r*  1  - erfj  In  —  j , 

(6) 


An  error  function  of  ln(r/ra)  can  be  fitted  with  a 
stretched  exponential  exp(-r/ra)^<n  around  t=t„,  pro¬ 
vided  j 9=o'-1.1'3  Indeed,  Ogielski  has  calculated  relaxations 
for  the  Ising  spin  glass  in  dimension  three,  which  he  fitted 
with  a  stretched  exponential.4  (3 ~2(T),  which  he  determined, 
increases  like  log  r„,  which  is  itself  described  by  Eq.  (1),  in 
agreement  with  our  Eq.  (4)  (Fig.  1). 

These  results  are  surprisingly  similar  to  those  of  o 2  vs 
In  Ta  in  salol,  which  we  deduced  from  the  dielectric  data  of 
Dixon  era/.5  In  these  data,  a  is  directly  determined.  The 
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F1G.  1.  The  right-hand  side  is  an  Arrhenius  pits  of  lop'  vr0)  vs  zO/T  with 
the  data  ol  Ref.  4  for  the  3d  Ising  spin  glass.  The  energy  rd  is  the  coeffi¬ 
cient  of  the  first  term  in  the  expansion  of  In  I  vrQ)  vs  1  IT  and  a  natural  unit 
to  scale  the  temperature.  The  continuous  curve  is  a  fit  of  the  data  to  the 
power  law  r„  =  r„(  1  -  T,IT) which  diverges  when  z6/T-zv.  On  the 
left-hand  side  we  show  fTl(T)  vs  log  r, ,  where  fifT)  is  the  exponent  of 
the  stretched  exponential  cxp(  -  if  which  better  fits  the  n(r)  relax¬ 

ation  in  Ref.  4.  A  linear  dependence  is  expected  in  our  model,  which  is 
based  on  a  lognormal  distrfirution-  whose  width  a  is  related  with  fT'.  Notice 
that,  in  this  frustrated  system,  the  uncertainty  a  on  log  Ta  is  of  the  order  of 
log  r„  itself  when  the  temperature  is  of  the  order  of  z6. 


change  of  slope  in  salol  (Fig.  2)  corresponds  to  a  change  of 
regime,  which  is  also  observed  on  the  log  ra  vs  BIT  depen¬ 
dence;  this  change  of  regime  is  confirmed  by  many  other 
experiments  in  salol  and  in  other  “fragile”  glass  forming 
liquids,  and  is  currently  the  object  of  much  attention,6  being 
often  considered  as  the  mark  of  a  transition  that  has  been 
predicted  by  mode  coupling  theory:7  Beyond  this  particular 
interpretation  (we  propose  another  one8),  it  is  striking  that 
two  calculations  based  on  very  different  microscopical  hy¬ 
potheses  (the  mode  coupling  starts  from  a  hydrodynamical 
point  of  view)  end  up  in  both  describing  the  same  physics. 

Consideration  of  the  data  (Figs.  1  and  2)  shows  that  at 
temperatures  of  the  order  of  zB,  where,  from  Eq.  4, 


togiofr./»v) 


FIG.  2.  The  right-haad  tide  is  i  plot  of  tog( rjrj  vs  zOtT,  with  the  date  of 
Ref.  5  for  the  dielectric  susceptibility  of  salol.  eg  has  been  defined  in  Fig.  1. 
We  interpret  as  a  crossover  the  deviation  from  one  to  another  power  law 
regime  on  approaching  T, .  Observe  on  the  left-hand  side  of  the  figure  that 
o’  is  a  linear  function  of  In  r„  in  each  of  these  two  regimes. 


FIG.  3.  To  each  point  A(7*>  in  the  nooetgodic  regime  1  <  r,( T)  a  Legendre 
construction  associates  on  the  left-hand  side  of  the  figure,  a  point  Rt  7, )  of 
the  equilibrium  In  r. =C:T -z  Inf  curve,  which  fins  the  same  phase  space 
(S(T,). characterized  by  the  same  length  f fT,)=sfl,T ).  As  shown 
oti  the  right-hand  side  of  the  figure,  near  T  .  s ( r>  is  a  power  of  time 
s(r)  -  r  r,r\  which  deviates  toward  logarithmic  behavior  at  long  times 
below  T,  or  abtuplly  teaches  an  arrest  at  s(r|=ffT)  over  T,  when 
</r0=Vr0  =  [«r)/fo)'  =  (l-lri/n  " 


r~  t0  x  e,  we  also  have  f)~  a~  1 .  This  tells  us  that  disorder 
also  affects  In  r0.  We  have  A  In  r0~ln  r„  in  these  frustrated 
systems,  and  zB  therefore  is  presumably  the  center  of  a  dis¬ 
tribution  whose  smallest  value  is  zero  and  largest  2 zO.  The 
situation  would  be  different  in  a  ferromagnet,  where  we  ex¬ 
pect  zB  to  be  of  the  order  of  z  and  no  distribution  to  start 
with.  With  these  initial  conditions  fixed  the  renormalization 
then  takes  on  and  f)2  increases  like  In  r,  as  predicted. 

The  model  as  such,  however,  has  several  shortcomings. 
At  times  shorter  than  t„  there  is  a  tail  in  the  relaxations  that 
neither  our  error  function  nor  the  stretched  exponential,  de¬ 
spite  an  inherent  asymmetry  of  the  latter,  are  capable  to  de¬ 
scribe.  Also,  our  model  would  preclude  any  type  of  relax¬ 
ation  below  Tc ,  in  contradiction  with  the  evidence. 


II.  A  QUASIEQUILIBRIUM  APPROACH  TO  THE 
RELAXATION  IN  THE  NONERGOOIC  REGIME 


We  will  hereafter  assume  that  the  system  at  times  t<  r0 
is  already  characterized  by  one  length  r(t)<£(T).  We 
propose9  to  measure  this  length  at  the  contact  point  B  of  the 
tangent,  which  we  can  draw  from  the  current  point  A  (In  t,T) 
to  the  equilibrium  In  ra~z  In  f  vs  8/T  curve  (see  Fig.  3).  If 
we  write 


ra  G  U(T)  £ 

In  ~  =  -S(7’)  +  — =—  In  j- , 

To  ‘  •  to 


(7) 


all  pouits  on  this  tangent  have  the  same  entropy, 
S(T,)=  -{^[G(71]/5T},  and  the  same  potential 
U(T,)  =  d(GIT)ld{\IT),  which  characterize  the  system  at 
equilibrium  at  point  B(T,).  Therefore  they  picture  the  same 
phase  space,  where  S(T,)  is  the  degeneracy  of  the  different 
paths  to  equilibrium,  and  U(T,)  is  a  typical  barrier  height  on 
these  paths.  With  this  Legendre  construction,  we  find 
z  ln(j/s0)=  -S(T,)  +  [U(T,)IT],  which  leads  to 
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It  is  the  time  elapsed  i<-r(T)  that  determines  the  scale  s(t ) 
of  the  relaxation.  The  latter  initiates  at  atomic  size  s(t)~io 
oa  the  Tg=T0cxp(z8/T)  line.  Then,  depending  on  the  condi¬ 
tions,  we  can  identify  different  regimes.  In  the  whole  B  do¬ 
main  Tp<  r<  ra- ,  where 

j*  -!/:•» 

T„~  =  T0  l-J  ,  (9) 

s(r)  is  well  represented  by  the  power  law 

j(r)"1/,'~r”7V*®xe  =  expj  1— ^  ln^-j,  (10) 

which  is  an  exact  result  at  Tc . 

Below  Tc ,  the  relaxation  deviates  toward  logarithmic 
decays  in  the  C  domain  at  times  larger  than  r„-  , 

*>-"-?  Nib-  (n) 

Over  Tc ,  by  contrast  after  many  renormalizations,  s(t) 
jumps  from  ~((T)Xe  to  f(T)  on  the  r„  line, 


v  eT  i 

~e - -  In  —  , 

z 8  Ta 

=  1 ,  for  r  *  r0 . 


for  t<ra, 


As  a  result, 
aMrr1"] 


*(e-l)«S(r=Ta)  +  —  A(t  =  ra),  (13) 


where  8(x)  and  h(x)  are  the  delta  function  and  the  stepfunc- 
tion,  respectively. 

These  are  the  s(r/r)  values  that  we  have  to  substitute  to 
the  exp(r/T)  in  Eq.  (5).  At  short  range,  on  the  line,  P{ In  r) 
is  not  yet  the  renormalized  Gaussian,  which  we  discussed  in 
Eq.  (S).  Taking 


Tg 

for  In  —  <—zr 
r0  T 


P  In—  =  — 
\  Tol  z«m 


-=-  <ln  —  , 
T  \t0 


we  found,  using  Eqs.  (9)  and  (11)  in  the  B  and  C  domains, 
respectively. 


For  0<T  ln(//r0)<z6<mtI , 


T  t 

l-[l-e£2(l)]  —z —  In  —  ,  in  B  domain  for  r< , 
Z  "nu  Z() 

r  r 

1  — z— - —  In  —  ,  in  C  domain  for  tt>  ra- ; 

2  z8„a  T0 


and  for  8ma<T  ln(r/r0). 


eE2  — —  In  —  ,  in  B  domain  for  t<Ta. , 

\Z0nu,  T0I 


2 T  ln(r/r„) 


,  in  C  domain  for  l>  t„-  , 


where  Ez(x)  is  the  exponential  integral  of  order  2. 
Over  Tc  we  deduce,  from  Eq.  (13)  around  ra, 

*»(frl/i  ,  _  ,  t  r 


-oc(e-l)£(lnO  +  - 


£(ln  r„). 


For  T'pTg,  /’flu  ra)  is  now  the  Gaussian  distribution,  which 
is  obtained  after  many  renormalizations.  The  additional  error 
function  introduces  a  skewness  that  was  not  present  in  Eq. 
(6),  and  has  the  shape  and  magnitude  requested,  to  account 
for  the  observed  asymmetry  in  the  relaxation  of  the  magne¬ 
tization. 

111.  GENERALIZATION  TO  DIFFERENT  CURVATURES 
OF  THE  Mi/rq ){8IT)  CURVE 

All  these  features  proceed  from  the  hierarchical  structure 
of  the  response:  the  latter  results  from  the  necessity  to  estab¬ 


lish  a  cascade  between  the  physical  scale  £(T)  by  which  the 
system  is  in  equilibrium  with  the  thermal  bath  \iT>Tc  and 
the  atomic  scale,  where  the  interaction  sits  and  where  the 
energy  has  to  be  introduced  or  evacuated.  For  this  reason  the 
same  type  of  solutions  are  found  in  many  problems  unrelated 
a  priori:  for  example,  the  problem  of  spin  glasses  and  its 
modelization  by  Ogielski  and  the  problem  of  the  glass  tran¬ 
sition  and  the  mode-coupling  theory.  For  these  reasons,  we 
observe,  with  no  surprise,  (r/r)_°r  or  (T  In  t)~a  dependen¬ 
cies  in  spin  glasses10'11  or  vortex  glasses,1113  depending  on 
the  external  conditions,  as  well  as  in  dipolar  or  structural 
glasses  (Fig.  4).  What  else  could  justify  that  the  same  word 
of  glass  is  indifferently  applied  to  so  different  systems? 

In  the  cases  that  we  considered  so  far,  the  system  con¬ 
structs  larger  effective  barriers  U-$\n  r/S{UT)  for  larger 
scales.  Damage  therefore  first  hits  the  system  at  atomic  range 
and  then  spreads  out  toward  larger  scales.  This,  with  our 


5614  J.  Appt  Phys.,  VW.  75,  No.  10, 15  May  1994 


I 

TT5T%) 


FTG.  4.  Ill  Ref.  10.  the  relaxations  over  10*  s  in  a  coasUal  held  at  different 
temperatures  below  Te  of  a  CuMfl  5  at  %  spin  glass  have  been  rescaled  onto 
a  unique  master  curve  of  (f/d)ln(l/r0).  The  present  representation  in  terms 
of  (r/d)ln(r/T0)  (curve  l)  and  of  B/[T  ln(l/r0)]  (curve  2)  shows  that  the 
master  curve  is  well  described  by  Eq.  (14)  in  the  C  version,  which  predicts 
1  -  7  In  r  dependence  at  small  times  and  I T  in  O  '  at  longer  times. 


Legendre  construction,  is  obviously  associated  with  the  cur¬ 
vature  of  the  equilibrium  ln(ifr0)  vs  zO/T  curve.  With  Eq. 
(1),  where  we  impose  that  0  exists  and  is  Unite,  we  have 


In 


rJT) 

To 


+  ••• 


(16) 


The  sign  of  Tc  fixes  the  sign  of  the  curvature. 

For  Tc- 0,  we  are  in  the  marginal  situation  where  the 
system  is  just  capable  to  build  up  the  same  Ue9  for  each  new 
range.  As  a  result,  there  is  only  one  time  scale: 

ln(  Tj  t0)  =  ln(  Tp/  T„ )  =  z  6/  T , 


FIG.  5.  A  one  step  relaxation  is  observed  on  an  activated  time  scale  in  the 
charge  density  wave  system  TaS,  (Ref.  14).  The  relaxation  AT  becomes 
closer  to  an  error  function  and  dOtd  log  f  closer  to  a  Gaussian  of  the  log  r 
variable  at  lower  temperatures.  This  suggests  a  larger  phase  space  and  a 
transition  at  Tc~ 0. 


FIG.  6.  The  left-hand  side  .is  an  Arrhenius  representation  of 
log(l  -  TJT)  *T‘  vs  8/T  for  7,  negative.  T  fixes  the  sign  of  the  curvature, 
with  the  consequence  that,  with  our  Legendre  construction  of  Fig.  3,  the 
relixstion  time  decreases  with  s  if  T(=  -  T*  .  Damage  therefore  spreads  out 
“Trout  large  toward  atomic  ranges.  On  the  right-hand  side,  we  show  a  sche¬ 
matic  shape  of  the  relaxation.  A  targe  initial  van* non  followed  by  a  loga¬ 
rithmic  decay  is  expected,  contrary  to  what  is  predicted  for  Tc  positive. 


and  all  ranges  respond  simultaneously.  The  shape  of  the  re¬ 
laxation  is  fixed  by  the  distribution  i*[ln(i/r0)].  The  latter  is 
closer  to  a  Gaussian  and  the  relaxation  closer  to  a  symmetri¬ 
cal  error  function  of  (T/z0)Id(i/to)  if  the  temperature  is 
decreased,  as  averages  are  less  sensitive  to  the  conditions  of 
local  disorder,  being  performed  over  larger  £/§,  ratios.  This 
feature,  we  believe,  contrasts  a  true  transition  at  Tc  =  0,  as  it 
is  observed  in  TaS-,14  or  in  “strong"  glass  formers  from  an 
average  over  a  fixed  distribution  of  potential  barrieis,  where 
always  the  same  phase  space  is  explored  and  the  shape  of  the 
relaxation  remains  the  same  in  terms  of  T  ln(r/r0)  (Fig.  5). 

Finally  for  Tc  negative,  Eq.  (16)  provides  solutions  of 
curvature  opposite  to  those  previously  discussed.  This  with 
our  Legendre  construction  (Fig.  3)  would  mean  that  the  sys¬ 
tem  builds  up  energy  barriers  that  are  smaller  at  larger 
ranges,  so  that  t„<t9,  and  damage  spreads  out  from  the 
larger  ranges  toward  the  smaller  (Fig.  6).  We  want  to  stress 
here  that  the  legitimacy  of  parameter  Tc  is  entirely  deter¬ 
mined  by  the  aptitude  that  Eq.  (1),  where  it  is  defined,  has  to 
describe  a  given  physical  situation.  Thus,  although  the  idea 
of  a  negative  Tc  may  appear  unusual,  we  have  shown  previ¬ 
ously  that  it  permits  to  account  extremely  well  for  the  static 
properties  of  systems  like  heavy  fermions,ls  where  it  is 
agreed  that  we  are  close  to  a  phase  transition,  but  not  enough 
to  observe  a  divergence  of  a  correlation  at  a  finite  tempera¬ 
ture.  Equation  (1),  with  Tc<0,  leads  to  power  laws  of  the 
temperature,  which  describe  well  what  is  observed.  The  tem¬ 
perature  dependence  of  the  relaxation  time  t„  would  corre¬ 
spondingly  flatten  to  a  power  law  much  slower  than  an 
Arrhenius  behavior,  and  we  would  expect  that  r„<  These 
features  when  they  are  observed  are  currently  inteipreted  in 
terms  of  macroscopic  quantum  effects.  In  other  words,  con¬ 
cepts  completely  different  are  called  for,  in  order  to  account 
for  a  change  of  sign  in  the  curvature  of  experimental  evi¬ 
dence  gathered  in  systems  sometimes  very  close  to  one  an¬ 
other.  We  obtain  the  same  effect  by  changing  the  sign  of 
parameter  Tc.  An  implication  is  that  the  information  that 
flows  from  £,  toward  f(T)  in  the  case  where  we  have  a 
transition  flows  from  £(T)  toward  4o  in  these  cases  that  per- 


J.  Appt.  Phys.,  Vot.  75,  No.  10. 15  May  1994 


J.  Soutatie  5515 


tain  to  supeiparanugnMwm,  where  we  have  do  singularity  at 
finite  temperature  of  the  i(T)  dependence. 

We  observe  in  Eq.  (17)  that  all  the  information  that  we 
need,  i.e„  the  energy  scale  z8  and  the  curvature  z8ITc,  is 
contained  in  the  first  two  terms  of  the  expansion  of  ln(#6j)  in 
terms  of  z8IT,  i.e.,  at  small  scales.  We  need  a  microscopical 
description  to  extract  this  information.  The  microscopical 
theory  therefore  acts  as  a  kind  of  boundary  condition  in  the 
time  domain  from  which  we  are  directed  toward  a  limited 
number  of  universal  scenarios,  whose  evolution  is  entirely 
determined  by  scaling  considerations.  Some  of  these  sce¬ 
narios  lead  to  an  equilibrium.  Equilibrium,  in  this  context, 
can  be  seen  as  the  termination  of  a  dynamical  process. 

ACKNOWLEDGMENTS 

The  author  is  grateful  to  D.  Bertrand  and  J.  Le  G.  Gil¬ 
christ  for  their  help. 


'R  Caalaing  ami  J.  Souietre,  J.  Phys.  I  France  1,  403  (1991). 

2R  G.  Palmer,  D.  L  Stem,  E  Abrahams,  and  P  W.  Anderson,  Phys,  Rev 
Lett  53,  958  (1904). 

JE  W.  MoatroU  aad  J.  T  Beadier.  J.  Slat.  Phys  34.  129  (1964). 

‘A.  T.  Ogklski,  Phys.  Rev.  B  32.  7384  (196S). 

!F.  1C  Dixon,  L.  Wu,  S.  a  Nagel,  B.  D.  Williams  and  i.  P.  Cantu,  pays 
Rev.  Leu.  45,  1108  (1990). 

‘F.  Meter,  W.  Knaak,  aad  a  Farago,  Fhya.  Rev  Len.  5S.  571  11967).  M  L 
Cumrrutt,  G.  Lr.W  M  Du.X  IC  Chen.  N.  J.  Tao.  aad  A  Saha,  la  Slow 
Dynamics  in  Condensed  Matter,  edited  by  K.  Kawasaki,  T.  Kawaratsu, 
aad  M.  Tokuyama,  A1P  Conf  Proc.  254,  1992,  p.  40. 

7U.  Beoguetius,  W.  Gotze,  aad  A  Sjolaader,  1.  Ftiys.  C  17.  5915  (19841 
®J.  Souietie,  1.  Phys.  France  51,  883  (1990);  J.  Souietie  and  D.  Bertrand,  1. 
Phys.  I  1,  1627  (1991). 

9J.  Souietie,  Philos.  Mag.  45.  1311  (1992),  Physics  A  (in  press);  J.  Non- 
Crysl.  Sol.  131-133  (in  press). 

10  R.  Omari,  J.  1.  Prejean,  and  J.  Souietie,  1.  Phys.  Paris  45.  1809  (1984). 

11 X.  Bio,  A  Kitazawa,  and  X  Nagata,  in  Ref.  6,  p.  421. 

'’J.  J.  Prejean  and  J.  Souietie,  Phys  Rev.  Lett.  46,  1884  (1988) 

11 A  Gurevich  and  X  Xnpter,  Phys.  Rev  B  48,  6477  (1993). 

14  X  Biljakovic,  i.  C.  Lasjaunias,  P.  Moaccau,  aad  F.  Levy,  Phys  Rev.  Len. 
47.  1902  (1991). 

15J.  Souietie,  J.  Phys.  (France)  49,  1211  (1988). 


5516  J.  Appt.  Phys.,  Vol.  75,  No.  10,  15  May  1994 


J.  Souietie 


..  --aatt. 


Exchange  stiffness  of  Ca-doped  Y1G 

I.  Avgin*1  and  D.  L  Huber 
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An  effective  medium  theory  (or  the  zero-temperature  exchange  stiffness  of  uncompensated 
Ca-doped  YIG  is  presented.  The  theory  is  based  on  the  assumption  that  the  effect  of  the  Ca 
impurities  is  to  produce  strong,  random  ferromagnetic  interactions  between  spins  on  the  a  and  d 
sublattices.  In  the  simplest  version  of  the  theory,  a  fraction,  x,  of  the  ad  exchange  integrals  are  large 
and  positive,  x  being  related  to  the  Ca  concentration.  The  stiffness  is  calculated  as  function  of  x  for 
arbitrary  perturbed  ad  exchange  integral,  For  with  J,a  and  Jid  denoting 

the  aa  and  dd  exchange  integrals,  respectively,  there  is  a  critical  concentration,  Xc ,  such  that  when 
x>Xc,  the  stiffness  is  complex.  It  is  suggested  that  Xc  delineates  the  region  where  there  are 
significant  departures  from  colinearity  in  the  ground  state  of  the  Fe  spins.  Extension  of  the  theory 
to  a  model  where  the  Ca  doping  is  assumed  to  generate  Fe4’  ions  on  the  tetrahedral  sites  is 
discussed.  Possible  experimental  tests  of  the  theory  are  mentioned. 


I.  INTRODUCTION 

Recently,  there  has  been  a  growing  interest  in  the  effect 
of  uncompensated  Ca  doping  on  the  magnetic  and  other 
properties  of  YIG  (yttrium  iron  garnet,  Y3Fe5012)  and  related 
compounds.1  There  appears  to  be  a  general  consensus  that 
the  addition  of  Ca  introduces  strong  ferromagnetic  interac¬ 
tions  between  Fe  ions  on  the  tetrahedral  and  octahedral  sites. 
Two  models  have  been  proposed  to  explain  how  this  might 
come  about.  The  first  of  these  assumes  that  the  extra  hole 
arising  from  the  Ca2’  substitution  resides  on  the  tetrahedral 
site,  so  that  the  Ca  doping  leads  to  a  random  distribution  of 
Fe4’  ions  with  ferromagnetic  interactions  with  neighboring 
Fe  ions  on  the  a  and  d  sublattices.2  In  the  second  model,  it  is 
assumed  that  the  excess  hole  is  located  on  the  oxygen  ion, 
bridging  a  tetrahedral  and  octahedral  site.  The  presence  of 
the  O  ion  leads  to  a  strong  ferromagnetic  ad  exchange 
interaction.3  Studies  of  the  spectral  and  temporal  dependence 
of  the  Faraday  rotation  and  x-ray  photoemission  spectros¬ 
copy  suggest  that  the  Fe4’  mode]  is  appropriate  for  Ca  con¬ 
centrations  less  than  0.16  per  formula  unit,  while  at  higher 
concentrations,  there  is  evidence  indicating  the  existence  of 
O'  ions  4 

The  purpose  of  this  paper  is  to  outline  a  theoretical 
analysis  of  the  effects  of  Ca  doping  on  the  exchange  stiffness 
of  YIG  that  is  based  on  the  effective  medium  approximation 
(EMA).  The  theory  is  developed  in  detail  for  the  O'  model, 
and  then  extended,  with  additional  approximations,  to  the 
Fe4’  picture.  In  addition  to  predicting  the  variation  of  the 
stiffness  constant  with  Ca  doping,  the  theory  also  provides 
information  about  the  onset  of  significant  departures  from 
colinearity  in  the  ground  state  of  the  spin  system. 


II.  THEORY 

The  effective  medium  approximation  exploits  the  formal 
connection  between  the  zero-temperature  exchange  stiffness 
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and  the  conductivity  of  an  equivalent  network  of  resistors.5 
In  the  EMA,  the  effective  exchange  stiffness,  AcS,  is  given 
as  the  solution  to  the  equation6 

j  P(A)(A—Aeg)(2AcB+A)~ldA=0,  (1) 

where  P(A )  denotes  the  probability  distribution  for  the  stiff¬ 
ness,  A.  In  order  to  calculate  P(A)  for  the  O'  model,  we 
note  that  the  stiffness  of  YIG  is  proportional  to  the  sum 
8J.,-5Ja s+3Jdd,  where  Jaa ,  Jad,  and  J dd  denote  the 
nearest-neighbor  octahedral-octahedral,  tetrahedral -octa¬ 
hedral,  and  tetrahedral-tetrahedral  exchange  integrals, 
respectively.7  Since  the  doping  is  hypothesized  to  affect  only 
the  ad  interactions,  P(A)  is  given  by  an  expression  of  the 

form 

P(A ) =* S(A  - uJxu- v )  +  ( 1  -x) S(A  -  uJ.d- v ),  (2) 

where  J'ad  is  the  interaction  between  Fe  ions  on  a  and  d  sites 
bridged  by  an  O'  ion.  The  fraction  of  perturbed  ad  interac¬ 
tions  is  denoted  by  x,  and  u  and  v  are  constants. 

After  inserting  (2)  into  (1),  it  becomes  convenient  to 
rewrite  the  solution  in  terms  of  AcHM0,  the  ratio  of  A  ^  to 
the  stiffness  of  pure  YIG,  A0,  and  the  parameter  R,  defined 
by 

R  =  (5  J*di- 8Jda  -  3Jdd)f{  -  SJ.d  +  3Jd4),  (3) 

which  is  seen  to  be  the  negative  of  the  ratio  of  the  stiffness  of 
YIG  with  Jdd  replaced  by  Jx,d  to  the  stiffness  of  pure  YIG. 
The  resulting  solution  for  A  effM  0  takes  the  form 

2AeeM<,=  l  +  (|)S-(t)*(l+K) 

xtfl  +(})  ff-(i)jr(l+ff)]2-2ff}1/2.  (4) 

Because  of  the  radical  in  Eq.  (4),  AtB  becomes  complex 
for  x>Xc  (assuming  J?>0),  where  Xc  is  given  by 

*c  =  (!)[1-(R/2)1,2]2/(1  +  R).  (5) 

It  is  useful  to  define  two  other  functions  of  R,  Xx(>Xr), 
which  denotes  the  concentration  where  the  real  and  imagi- 
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FIG.  1.  /WA0  v*  *  for  0<x«0.1.  (a)  rt«ll;  (b>  *  =  0.54.  Aea  i s  the 
effective  exchange  stiffness  of  Ca-dopcd  YIG  [cf.  Eq.  (1)],  and  4„  is  the 
stiffness  of  pure  YIG;  x  is  the  fraction  of  perturbed  aJ  exchange  integrals 
and  R  is  defined  by  Eq.  (3).  These  two  values  of  R  correspond  to  X,  =0. 1 . 


nary  parts  of  AeB  are  equal,  and  Y2(>,Y|),  where  the  real 
part  of  AeB  is  zero.  From  Eq.  (3),  we  obtain  the  results 

Y1  =  (f)(l+/f/2-/?'/2)/(l+*)  (6) 

and 

*2=<5)(l+*/2)/U+*).  (7) 

Figure  1  shows  the  variation  of  the  ratio  AeS/A0  with  x  for 
two  values  of  R  corresponding  to  the  physically  plausible 
value  Xc  =  0. 1 ,  while  Fig.  2  displays  the  variation  of  X( ,  Y, , 
and  X2  with  R,  which  are  obtained  from  Eqs.  (5),  (6),  and 
(7),  respectively,  over  the  interval  0«/f «  1 1 . 


FIG.  2.  (a)  Xt ,  (b)  X , ,  and  (c)  X2  vs  R.  Xe  denotes  the  concentration, 
marring  the  boundary  between  real  and  complex  values  of  ;  for  x > X( . 
Ags  has  a  finite  imaginary  part.  X;  denotes  the  concentration  at  which  the 
teal  and  imaginary  parts  of  are  equal,  ami  X,  is  the  concentration  at 
which  the  real  part  of  Atg  equals  zero. 


W.  DISCUSSION 

According  to  the  interpretation  of  Vanaimenus  era/..* 
the  presence  of  an  imaginary  part  in  the  EMA  approximation 
for  the  exchange  stiffness  signals  the  breakdown  of  the  col- 
linear  approximation  for  the  ground  state  that  underlies  the 
EMA.  That  is,  for  x>Xc  (fixed  R),  one  expects  significant 
noncolinearity  among  the  spins.  The  results  for  the  O 
model  indicate  a  breakdown  of  the  col  inear  approximation 
with  increasing  Ca  doping  for  ail  R> 0,  it.,  for 
Jx,d>  -|8d„  +  37 eel  -  The  connection  between  x,  the  fraction 
of  perturbed  ad  interactions,  and  the  Ca  concentration  is 
made  explicit  by  the  fact  that  each  formula  unit  of  YIG  cor¬ 
responds  to  12  ad  interactions.  As  a  consequence,  if  c  de¬ 
notes  the  number  of  Ca2+  ions  per  formula  unit,  x  =  r/12, 
since  the  excess  hole  can  be  located  on  any  one  of  12  bonds. 

As  mentioned  in  the  Introduction,  the  theory  can  also  be 
applied  to  the  Fe4’  model,  albeit  with  further  approxima¬ 
tions.  The  essential  assumption  is  that  the  interaction  be¬ 
tween  the  Fe44  ion  on  the  tetrahedral  site  and  the  Fe4 '  ion  on 
the  nearest-neighbor  octahedral  site  is  much  greater  than  the 
interaction  between  the  Fe44  and  the  Fe44  and  Fe'4  ions  on 
the  nearest-neighbor  tetrahedral  sites.  Assuming  this  to  be 
the  case  (and  neglecting  the  difference  between  the  spins  of 
the  Fe34  and  Fe44  ions),  Eqs.  (4)-(7)  are  applicable,  with  R 
defined  as  i&Jgg-  5J  aa)/(5J  &J  ad  +  3J  dd)  and  x.  identi¬ 
fied  as  the  fraction  of  tetrahedral  sites  occupied  by  Fe44  ions. 
Since  there  are  three  tetrahedral  sites  per  formula  unit. 
x-cl  3. 

It  should  be  noted  that  the  theory  outlined  in  this  paper 
pertains  to  the  exchange  stiffness,  which  is  related  to  the  spin 
wave  dispersion  constant.  D,  through  the  equation  D  =  A I M. 
where  M  is  the  magnetization.  Since  M  is  real,  a  complex 
value  for  A  translates  into  a  complex  value  for  D,  which  is 
indicative  of  strong  spin  wave  damping.  Measurements  of 
the  spin  wave  dispersion  constant,  along  with  the  magnetiza¬ 
tion,  should  provide  information  about  the  renormalization 
and  damping  of  the  spin  wave  modes  that  can  be  compared 
with  the  predictions  of  the  EMA.  Also,  measur  ~’ents  of  the 
local  fields  using  NMR  and  Mossbauer  techniques  may  pro¬ 
vide  information  about  the  breakdown  of  colinearity  in  the 
ground  state  with  increasing  Ca  doping,  thus  leading  to  an 
estimate  of  R  and  hence  J‘ai. 

Finally,  we  should  emphasize  that  our  approach  is  based 
on  the  assumption  that  the  holes  are  localized  and  immobile. 
If  the  holes  are  delocalized  or  can  hop  from  site  to  site,  our 
theory  is  not  applicable,  and  alternative  approaches  must  be 
relied  upon.9 
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Random-exchange  to  random-field  crossover  breaking  in  MnoasZnogjFj 
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The  critical  phase  boundary  Te(H)  of  Mito  -uZno^F,  has  been  mapped  in  a  ( H,T )  phase  diagram 
using  dc  magnetization  measurements.  Our  data  show  that  TC(H)  is  governed  by  a  scaling  law 
with  <£=3.4i0.2.  This  value  of  <j>  exponent  is  in  clear  departure  with  the 
universal  random-exchange  Ising  model  to  random-field  Ising  model  (REIM-RF1M)  crossover 
exponent  </esl,4,  found  in  weakly  diluted  samples  of  Mn,Zn;  ,F:  and  Fe .  Zn ,  ,  1, .  This 
observation  and  results  from  previous  birefringence  studies  for  samples  of  Mn^Zn,  XF,  with  *2=0.4 
suggest  that  a  REIM-RF1M  crossover  breaking  occurs  somewhere  in  the  interval  0.35<x<0.4. 


I.  INTRODUCTION 

The  weakly  anisotropic  dilute  antiferromagnetic  (DAF) 
compound  MnxZn,_xF2  has  its  critical  phase  boundary 
TC(H)  determined  for  a  number  of  values  of  x(x>0.4),  from 
different  experimental  techniques.16  Under  a  weak  magnetic 
field  H  applied  along  the  easy  [001]  direction  TC(H)  is  gov¬ 
erned  by  a  random-exchange  Ising  model  (REIM)  to 
random-field  Ising  model  (RFIM)  crossover  scaling.  This 
crossover  scaling  stipulates7  that  7V  -  where 

Tn  is  the  Neel  temperature  and  Jel.4  is  the  universal 
REIM-RFIM  crossover  exponent.  For  x<0.4,  the  magnetic 
behavior  of  Mn,Zn,  x  F2  has  been  studied  using  magnetiza¬ 
tion  and  ac  susceptibility  measurements  by  Bazhan  and 
Petrov.8  They  claim  that  for  H=  0  and  near  the  percolation 
concentration  (xp  =0.24)  this  compound  converts  into  a  state 
of  a  time-varying  spin  glass  at  low  temperatures.  However, 
for  H =0,  neutron  scattering  data  close  to  xp  showed9  that 
long-range  antiferromagnetic  order  (AF  LRO)  is  maintained 
for  all  x>xp.  This  apparent  controversy  motivated  the 
present  study.  Moreover,  little  attention  has  been  given  to  the 
critical  behavior  in  MnxZn,  XF2  for  x<0.4.  It  is  a  major 
purpose  of  this  paper  to  map  the  critical  phase  boundary  of 
Mtto  rsZtio^F;;  in  a  (H,  T)  phase  diagram. 

II.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

The  experiments  were  performed  on  a  single  crystal  of 
Mn0  35Zn065F2.  The  concentration  of  magnetic  ions  was  de¬ 
termined  using  density  measurements.  We  have  measured  the 
magnetization  Af  in  Mnil  (^Z.n,]  fjsF-  with  a  vibrating  sample 
magnetometer.  The  temperature  and  applied  field  were  varied 
in  the  ranges  4.2<T<20  K  and  0<H<20  kOe,  respectively. 
The  temperature  of  the  sample  was  controlled  within  1  mK 
using  an  almost  field-insensitive  carbon  glass  thermometer. 
H  was  applied  parallel  to  the  easy  [001]  direction.  The  tem¬ 
perature  (T)  dependence  of  Af  was  measured  using  tempera¬ 
ture  cycling  ( H  fixed),  following  the  usual  zero-field-cooling 
(ZFC)  and  field-cooling  (FC)  procedures. 

In  Figs.  1  and  2  we  show  the  measured  temperature  de¬ 
pendence  of  the  susceptibility  (MIH)  for  applied  field  in  the 
interval  3.5=s//  =s20  and  0.5«//=sl.5  kOe,  respectively,  us¬ 
ing  ZFC  and  FC  procedures.  For  0.5^H  <7.5  kOe  the  ZFC 
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curves  of  Figs.  1  and  2  are  those  typical  of  a  predominant  AF 
order  taking  place  at  low  temperatures.  For  H=0  AF  LRO  in 
MnxZn,  _XF,  is  supported  by  neutron  scattering  investiga¬ 
tions  for  x>0.4  (Ref.  10)  and  also  close  to  xp  9  In  presence 
of  a  uniform  field  parallel  to  the  easy  axis  and  following  the 
ZFC  procedure,  neutron  scattering  studies  also  support  AF 
LRO  under  weak  H  for  x>0.4.4'11-12  However,  no  neutron 
scattering  data  is  available  for  values  of  x  close  to  the  one 
used  in  the  present  work.  ( M/H)XT  curves  of  Fig.  1  also 
show  that  for  H> 8  kOe  the  ZFC  data  are  no  longer  compat¬ 
ible  with  AF  ordering,  however,  no  clear  signature  of  a  first- 
order  AF  to  spin-flop  (SF)  transition  is  seen  in  the  (Ml 
H)xT  curves  (see  Ref.  6). 

Another  low-temperature  feature  evidenced  in  Figs.  1 
and  2  is  the  presence  of  an  excess  of  magnetization 
(AM = Af FC- M  ZFC)  in  the  FC  curves  as  compared  with  the 
ZFC  ones,  in  the  field  range  0.5=S//=S12.5  kOe.  For 
2*stfvsl0  kOe,  AM  increases  with  increasing  H  (see  Fig.  1), 
as  expected'3"'5  from  the  nucleation  of  field  aligned  domains 
on  cooling  diluted  uniaxial  antiferromagnets  from  the  para¬ 
magnetic  ( P )  phase  under  an  applied  field  parallel  to  the 
easy  axis.  No  significant  time  dependence  has  been  observed 
in  the  time  scale  of  acquisition  of  Mrc  data  (typically  5  min 
per  point).  However,  dynamic  effects  were  not  explored  in 
the  present  work  in  a  long-time  basis.  For  0.5=S//<2  kOe, 
AM  undergo  a  striking  reversal  of  its  H  dependence  (com¬ 
pare  the  ZFC-FC  irreversibilities  of  Fig.  1  with  correspond¬ 
ing  ones  in  Fig.  2),  i.e.,  AM  decreases  as  H  increases  for  this 
low -H  range.  This  behavior  does  not  follow  the  current  theo¬ 
retical  predictions  for  the  field  dependence  of  the  excess  of 
magnetization  in  d= 3  DAF  realizations  of  the  RFIM 
problem.  ,3,!4 

The  ZFC  temperature  dependence  of  d(MIH)ldT  in  the 
vicinity  of  TC(H)  is  shown  in  Fig.  3  for  values  of  H  in  the 
range  0.5=5// =s7. 5  kOe.  The  position  of  the  d(M/H)/dT 
peaks  indicates'6"18  the  critical  temperature  TC(H)  in  DAF 
compounds.  As  seen  in  Fig.  3,  d(M/H)ldT  peaks  become 
drastically  rounded  and  shift  to  lower  T  upon  increasing  H. 
The  excessive  rounding  of  the  peaks  here  is  possibly  not 
entirely  due  to  concentration  gradients  and  RFIM  critical 
slowing  down  as  experimentally  observed5,6  for  x>0.4  in 
MnxZn,  _xF2.  If  so,  TC(H)  represents  only  a  virtual  line  of 
destroyed  (rounded)  phase  transitions.  Neutron  scattering 
measurements  in  samples  with  x  values  in  the  range  of  the 
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FIG.  1.  Temperature  dependence  of  the  dc  susceptibility  ( M/H )  of 
MhaasZhftasFj,  in  the  ZFC  (full  symbols)  and  FC  (open  symbols)  proce¬ 
dures  for  3.5iw*520  kOc. 

one  used  in  the  present  work  are  requested  to  clarify  this 
point. 

The  mapping  of  the  critical  phase  boundary  TC(H),  ob¬ 
tained  from  data  in  Fig.  3,  in  a  ( H,T )  phase  diagram  is 
presented  for  0<W«5  kOe  in  Fig.  4.  As  well  known,  in 
presence  of  a  weak  uniform  field  parallel  to  the  easy  axis,  the 
peak  position  at  TC(H )  in  DAF  systems  is  generally  gov¬ 
erned  by  a  scaling  law  T/,—  TC(H)~ after  mean-held 
correction,7  where  <£sl.4  is  the  universal  REIM-RFIM 
crossover  exponent.  However,  by  using  the  above  scaling 
law  to  fit  data  of  Fig.  4,  we  get  <f>=3.4±0.2,  where 
T^lO.S+O.l  K  was  obtained  from  peaks  in  the  ac  suscep¬ 
tibility  measured1’  at  zero  held  in  the  same  sample  used  in 
the  present  work  (see  Fig.  5).  The  position  of  TN  coincides 
with  the  extrapolation  of  the  TC(H)  data  to  H- 0.  As  no 
frequency  dependence  was  found  in  the  close  vicinity  of  TN 
in  the  ac  suceptibility  data  and  the  temperature  sensors  used 
in  both  experiments  have  been  previously  calibrated,  we  can 


FIG.  2.  Temperature  dependence  of  the  dc  susceptibility  (M/H)  of 
Mbg  35^65^2*  in  the  ZFC  (full  symbols)  and  FC  (open  symbols)  proce¬ 
dures  for  0.5<//<1.5  kOe. 
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FIG.  3.  ZFC  temperature  dependence  of  d(M/H)/dT  in  Mn,,  ?yZn,yfc5F:,  for 
0.5«*/fs£7.5  kOe.  The  solid  lines  are  guides  to  the  eye. 


conclude  that  the  convex  “0ss3.4  regime”  extends  to  H= 0 
in  Mno  jyZno  75F, .  The  TC(H)  phase  boundary  is  also  shown 
in  the  inset  of  Fig.  4,  but  plotted  as  H 2J*  vs  T,  with  d>s3.4. 
This  is  in  contrast  with  the  standard  <f>-- 1  4  REIM-RFIM 
crossover  behavior,  found  at  weak  applied  fields  in  all  mea¬ 
sured  samples  of  Mn,Zn,  _,F-,  for  xsO.4.5'6  These  studies 
suggest  that  the  REIM-RFIM  crossover  breaking  occurs 
somewhere  in  the  interval  0.35<x<0.4.  It  can  be  also  ob¬ 
served  from  Fig.  3  that  the  amplitudes  of  the  d(M/H)/dT 
peaks  decrease  as  H  increases,  and  then  they  also  do  not 
follow  a  REIM-RFIM  crossover  scaling.1718 

One  would  expect  the  Mno  jyZnossF;  sample  to  behave 
in  a  qualitatively  similar  way  to  highly  diluted  samples  of  the 
isostructural  system  Fe.Zn,  .IF2,20'22  but  with  smaller  limits 
for  the  high -H  regime  with  Mn  than  with  Fe,  due  to  the 
smaller  anisotropy  of  the  former.  However,  the  experimental 
results  do  not  confirm  this  expectation.  In  the  Fe  system,  it 


FIG.  4.  {H.T)  phase  diagram  of  Miv  n/.iVf.-F.  for  0-  H '  .s  kOe.  The  inset 
shows  the  same  data  in  a  W1*  vs  T  plot.  The  solid  lines  ate  best  fitted  to  the 
data  using  the  scaling  law  TN-T((H)~ H1'*  with  4>~ 3.4±0.2.  2 ,  was 
obtained  from  ac  susceptibility  measurements  at  H=0  (see  Fig.  5)  and  co¬ 
incides  with  the  extrapolation  of  the  Tr(W)  data  to  H  =0. 
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FIG.  5.  Xk  vs  T  curve  of  MntiJ5Zn0<>5F2  at  H  =0.  using  a  driven  field  of 
magnitude  #**1.0  Oe  (adapted  from  Ref.  19). 

has  been  found  for  a  sample  with  *=0.31  (Ref.  21)  a  stan¬ 
dard  low -H  REIM-RFIM  regime,  characterized  by  an  expo¬ 
nent  (f>sslA  governing  both  the  critical  and  equilibrium 
phase  boundaries,  where  the  stable  long-range  ordered  AF 
ground  state  is  accessed  by  the  ZFC  procedure.  As  the  mag¬ 
nitude  of  the  external  field  increases,  a  different  “high -H 
regime"  takes  place  where  the  equilibrium  phase  boundary  is 
now  governed  by  an  exponent  <£s=3.4  and  the  AF  long-range 
ordered  state  becomes  unstable  against  the  presence  of  strong 
random  fields.  A  glassy  phase  sets  in  below  the  convex  equi¬ 
librium  line  (<^3.4)  and  the  critical  AF-paramagnetic  phase 
boundary  is,  of  course,  no  longer  present.  For  a  sample  with 
*=0.25  this  equilibrium  line  with  <^3.4  is  the  sole  feature 
(see  Ref.  22).  The  situation  in  Mn035Zn065F2  is  somewhat 
different:  the  exponent  ^=3.4  governs  a  line  of  critical 
points  (or  probably  destroyed  phase  transitions)  starting  at 
H- 0,  and  this  convex  line  is  not  accompanied  by  any  de¬ 
tectable  time  dependence  in  the  ZFC  data.  The  above  fea¬ 
tures  make  evident  the  different  magnetic  behavior  of  these 
isostructural  DAF  systems  for  *<0.4. 

Finally,  we  anticipate  here  that  ac  susceptibility  data19  at 
//= 0  in  the  same  sample  used  in  this  work  indicate  the  pres¬ 
ence  of  frozen  and  spatially  oriented  clusters  at  low  tempera¬ 
tures.  Bazhan  and  Petrov8  have  already  observed  a  change  in 
the  relaxatioh  time  of  highly  diluted  samples  of  Mn^Znj  _x¥2 
as  T  is  lowered  at  H =0,  which  they  call  a  “state  of  a  time- 
varying  spin  glass.”  As  H  is  increased,  they  found  that  the 
system  converts  into  a  stable  state  in  which  the  magnetic 
moments  are  oriented  randomly  with  respect  to  the  direction 


of  H.  Their  conclusions  fit  in  with  data  presented  in  this 
work.  However,  a  careful  study  on  the  stability  of  the  long- 
range  AF  order  as  a  function  of  *  is  necessary  for  a  better 
understanding  of  the  magnetic  properties  of  this  system  close 
to  the  percolation  threshold. 
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The  properties  of  the  classical  Heisenberg  pyrochlore  lattice  antiferromagnet  with  local  planar  single 
ion  anisotropy  are  discussed.  The  zero  temperature  ground  state  is  found  to  be  macroscopically 
degenerate  and  without  long  range  order.  Monte  Carlo  simulations  are  used  to  investigate  the 
properties  of  the  system  at  finite  temperature.  We  find  that  thermal  fluctuations  select  a  subset  of  the 
ground  state  manifold,  and  induce  a  first-order  phase  transition  to  a  conventional  Neel  ground  state. 


In  recent  years,  there  has  been  increasing  interest  in  spin 
models  which  show  the  phenomenon  of  “order  by 
disorder.”1  The  phenomenon  is  generally  associated  with 
frustrated  systems,  in  which  the  classical  ground  state  mani¬ 
fold  is  highly  degenerate,  and  includes  both  ordered  and  dis¬ 
ordered  states.  However,  the  degeneracy  of  the  ground  state 
may  be  lifted  by  thermal  fluctuations  in  the  following  way. 
At  a  small  but  finite  temperature,  7'=0+,  there  are  usually  a 
greater  number  of  softer  and  more  easily  excitable  states  as¬ 
sociated  with  the  ordered,  than  with  the  disordered  ground 
states,  and  so  entropy  prefers  the  ordered  states.  Usually  one 
state  is  selected,  apart  from  the  trivial  global  symmetry  op¬ 
erations,  with  the  ironic  result  that  thermal  disorder  has  in¬ 
duced  order  in  the  system.  In  a  quantum  system,  zero  point 
fluctuations  can  achieve  the  same  effect. 

In  this  paper  we  present  a  spin  model  in  which  order  by 
thermal  disorder  occurs  in  a  rather  spectacular  fashion,  via  a 
discontinuous  phase  transition,  as  in  the  type-I  face  centered 
cubic  Heisenberg  antiferromagnet.2  The  system  we  consider 
is  the  Heisenberg  pyrochlore  lattice  antiferromagnet  with  lo¬ 
cal  easy-plane  anisotropy.  The  pyrochlore  lattice3  is  illus¬ 
trated  in  Fig.  1.  Its  near  neighbor  bonds  form  a  three- 
dimensional  array  of  comer-linked  regular  tetrahedra,  with 
overall  cubic  symmetry.  It  can  be  regarded  as  the  three- 
dimensional  analog  of  the  better-known  kagome  lattice, 
which  is  a  comer-linked  array  of  equilateral  triangles.  In  both 
systems,  with  antiferromagnetic  near  neighbor  Heisenberg 
exchange,  the  elementary  tetrahedral  or  triangular  plaquettes 
are  highly  frustrated,  and  the  ground  state  is  determined  only 
by  the  rather  unrestrictive  condition  S,  =  0  on  each 

individual  plaquette,  where  S,  are  classical  spins.  Because  of 
this,  the  ground  state  manifold  is  highly  degenerate.  Thermal 
selection  of  a  long  range  magnetically  ordered  state  in  the 
Heisenberg  pyrochlore  lattice  antiferromagnet  is  not  ob¬ 
served  down  to  r~O(//100),  where  J  is  the  antiferromag¬ 
netic  exchange.4  Whether  or  not  it  occurs  in  the  Heisenberg 
kagome  lattice  antiferromagnet  is  not  yet  firmly  established 
and  is  the  subject  of  current  investigation,5 

The  pyrochlore  lattice  is  particularly  common  in  nature, 
occurring  in  several  extensive  series  of  compounds.  In  the 
cubic  pyrochlores,  of  general  formula  A2B2O7  (e.g., 
Hg2Nb2073),  the  metallic  A"*  and  B<7~",+  ions  lie  on  sepa¬ 


rate  interpenetrating  pyrochlore  lattices;  in  the  spinels  AB204 
(e.g.,  MgCr204),,>  the  B  sites  form  a  pyrochlore  lattice;  in 
intermetallics  of  general  formula  AB,  with  the  “05”  struc¬ 
ture  (e.g.,  YMn27),  the  B  atoms  occupy  a  pyrochlore  lattice. 
Another  example  is  the  Fe3+  lattice  in  FeF3,8  which  can  be 
represented  as  a  cubic  pyrochlore  stmcture  with  vacancies. 
In  most  of  these  compounds  the  magnetic  interactions  are 
predominantly  antiferromagnetic;  however,  few  appear  to  be 
simple  Heisenberg  systems.  They  display  a  particularly  rich 
variety  of  magnetic  phenomena,  including  helical  structures,7 
first-order  phase  transitions,8  irreversibilities,8  and — most  in¬ 
triguing  of  all — spin  glass  behavior,  in  compounds  such  as 
M2Mo207  (A/=Y,  Tb).''  These  materials  have  apparently 
negligible  disorder,  and  are  possibly  the  closest  thing  we 
know  to  a  nondisordered  spin  glass.10 

In  order  to  begin  to  understand  the  properties,  and,  in 
particular,  the  spin  glass  behavior  of  the  real  materials,  we 
are  currently  investigating  the  effect  of  perturbations  to  the 
basic  Heisenberg  Hamiltonian.  In  this  paper  we  treat  the  case 
of  local  easy-plane  single-ion  anisotropy,  and  use  the  Hamil¬ 
tonian 

H=-j'2  S,-S,-d2  (Sj-ii,)2,  (1) 

where  J  <0  is  the  near  neighbor  antiferromagnetic  exchange 
coupling  and  £><0  an  anisotropy  constant.11  The  h,  axes  for 
each  spin  are  parallel  to  the  four  threefold  axes  of  the  el¬ 
ementary  bond  tetrahedra,  as  illustrated  in  Fig.  2(a).  These 
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(a)  (b) 


b  b 
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FIG.  2.  (a)  Elementary  tetrahedral  bond  plaquette  abed,  indicating  the  local 
anisotropy  axes  (arrows)  and  corresponding  easy  spin  planes.  <b>  Elemen¬ 
tary  tetrahedron  viewed  down  a  two-fold  axis,  showing  one  of  the  12  de¬ 
generate  ground  state  spin  arrangements. 


local  axes  are  dictated  by  the  space  group  symmetry  of  the 
cubic  pyrochlore  lattice,  and  are  parallel  to  the  four  (111) 
directions  (see  Fig.  1). 

The  ground  state  of  the  elementary  tetrahedron  can  be 
found  by  the  following  argument.  Consider  the  tetrahedron 
a-b-c-d  illustrated  in  Fig.  2(a),  with  spins  S„ ,  etc.  situated 
at  each  vertex.  The  anisotropy  energy  of  S„  is  minimized 
when  S„  lies  in  a  plane  parallel  to  b-c-d\  and  similar  rela¬ 
tionships  hold  for  the  other  spins.  Now  introduce  the  two 
antiferromagnetic  bonds  a-b  and  c-d,  and  temporally  ig¬ 
nore  the  other  four  bonds.  Minimization  of  the  energy  of 
each  spin  pair  occurs  when  the  two  spins  are  antifetromag- 
netically  aligned  parallel  to  the  direction  of  intersection  of 
their  two  easy  planes.  S„ ,  Sh  therefore  lie  parallel  to  the  bond 
c-d,  and  S,. ,  Sd  lie  parallel  to  the  bond  a-b.  This  can  be 
seen  by  viewing  the  tetrahedron  down  one  of  its  twofold 
axes,  as  shown  in  Fig.  2(b).  The  configuration  is  fourfold 
degenerate,  with  the  states  related  by  flips  of  the  spin  pairs. 
These  configurations  actually  obey  the  condition  2S,  =  0, 
which  minimizes  the  total  exchange  energy  of  the  tetrahe¬ 
dron.  The  ground  state  manifold  of  the  tetrahedron  therefore 
comprises  the  three  symmetry-related  sets  of  such  configu¬ 
rations,  which  are  generated  by  the  three  twofold  axes  of  the 
tetrahedron.  It  should  be  noted  that  the  anisotropy  introduces 
no  extra  frustration,  but  selects  only  12  of  the  originally  in¬ 
finite  set  of  ground  states. 

The  energy  of  the  whole  lattice  is  minimized  if  each 
tetrahedron  of  spins  can  adopt  a  configuration  such  as  that 
shown  in  Fig.  2(b).  Referring  to  Fig.  1,  the  bonds  of  the 
pyrochlore  lattice,  when  viewed  perpendicular  to  the  cube 
face  of  the  unit  cell,  form  two  sets  of  infinite  rods  that  are 
mutually  perpendicular.  These  rods  can  be  labeled  as  a-6- 
a-b-a...  or  c-d-c-d-c... ,  where  any  permutation  of 
(abed)  defines  an  elementary  tetrahedron.  It  can  be  seen  that 
the  ground  state  of  the  whole  system  is  such  that  each  rod 
has  a  perfectly  antiferromagnetic  spin  arrangement.  There  is 
no  correlation  between  rods,  but  all  the  spins  in  the  system 
are  coplanar.  The  ground  state  manifold  is  thus  divided  into 
three  symmetry-related  subsets,  in  which  the  spins  lie  in  the 
(1  0  0)  (0,1,0)  or  (0,0,1)  planes;  and  in  each  subset  there  are 
approximately  2*  states  related  by  flipping  the  spin  direc¬ 


tion  of  each  rod  (N  is  the  number  of  spins).  It  is  seen  that  the 
ground  state  has  broken  symmetry  with  a  unique  spin  plane, 
but  no  conventional  spin  order,  and  may  thus  be  described  as 
a  “uniaxial  nematic.”  The  entropy  per  spin  approaches  zero 
in  the  thermodynamic  limit  as  N  “'\  but  the  spins  remain 
disordered. 

At  first  sight  the  system  presently  studied  would  appear 
to  be  a  good  candidate  for  intrinsic  spin  glass  behavior,  as 
observed  in  several  real  materials.  However,  we  have  inves¬ 
tigated  the  finite  temperature  properties  using  Monte  Carlo 
simulations,  and  discovered  that  thermal  fluctuations  induce 
an  antiferromagnetic  ground  state,  at  least  in  our  finite  lattice 
simulations.  We  now  give  a  brief  summary  of  our  results. 

Monte  Carlo  simulations  were  carried  out  using  the  con¬ 
ventional  Metropolis  spin  flipping  algorithm  in  the  tempera¬ 
ture  range  0.05s T/Vsl.  Lattice  sizes  ranging  from 
i  ’  =  2,-61  were  used,  where  L}  is  the  number  of  unit  cells 
(see  Fig.  1).  These  correspond  to  16L3  spins  ranging  from 
128  to  3456,  respectively.  The  strongly  anisotropic  case  with 
D  =  5J  has  been  studied,  in  order  to  clearly  reveal  the  effect 
of  the  anisotropy.  All  thermodynamic  quantities  were  calcu¬ 
lated  using  multiple  histogram  methods.12  All  simulation 
runs  were  started  with  a  random  spin  configuration  at  a  high 
temperature  above  TN ,  and  were  systematically  annealed  in 
such  a  way  that  histograms  for  neighboring  temperatures 
overlapped.  Equilibrium  spin  configurations  for  one  tempera¬ 
ture  were  used  as  starting  configurations  for  the  next  simu¬ 
lation  at  a  slightly  lower  temperature.  At  least  1000  Monte 
Carlo  steps  were  allowed  for  equilibration  at  each  tempera¬ 
ture,  and  at  least  10  000  steps  were  used  for  generation  of 
thermodynamic  data.  Long  range  order  was  detected  by  cal¬ 
culating  the  four-sublattice  magnetization: 

'"j  =  J<'na  +  mS+mr  +  ma)'  :,  (2) 

where,  for  example  mQ  is  the  net  moment  on  sublattice  a: 


The  four  sublattices  are  labeled  in  Fig.  2.  The  ordering  sus¬ 
ceptibility, 

*s=(N/r)«m2)-<ms>2),  (4) 

was  also  measured.  Figure  3  shows  the  behavior  of  the  sub¬ 
lattice  magnetization,  m , ,  and  indicates  that  long  range  order 
occurs  below  TN/J  =  0.1.  with  an  ordering  wave  vector 
q=0.  The  very  sharp  rise  in  m,  indicates  that  the  transition  is 
strongly  first  order.  A  small  degree  of  rounding  of  any  ther¬ 
modynamic  quantity  is  always  expected  in  finite  systems  at  a 
first-order  transition.  The  inset  shows  the  lattice  size  depen¬ 
dence  of  the  maximum  in  the  heat  capacity,  indicating  a  di¬ 
vergence  Cm„*  L  ,  as  expected,  at  a  first-order  transition." 
The  maximum  in  xs  also  shows  similar  behavior.  This  is  a 
new  example1'2  of  thermal  selection  of  a  long  range  ordered 
state.  A  rapid  quench  from  T=*>  to  below  TN,  T/J  =  0.06, 
resulted  in  formation  of  the  ordered  phase  after  about  105 
Monte  Carlo  steps,  indicating  that  slow  annealing  is  not  re- 
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FIG.  3.  Sublattice  magnetization  versus  temperature  for  different  lattice 
sizes,  with  161*  spins.  Inset:  linear  dependence  of  maximum  in  specific 
heat  on  I1. 

quired  for  developing  long  range  order,  at  least  for  these 
small  lattice  sizes.  A  number  of  questions  still  remain  regard¬ 
ing  the  phase  transition: 

(1)  Is  the  thermal  selection  of  an  ordered  phase  only  a 
result  of  the  finite  extent  of  the  lattice  studied  here?  Perhaps 
larger  systems  will  have  either  (a)  lower  ordering  tempera¬ 
tures  or  (b)  smaller  ordered  moments,  both  of  which  may 
vanish  as  L— •>». 

(2)  Is  there  any  hysteresis  near  TN1  Long  range  order 
may  survive  to  temperatures  above  T/J =0.1  when  wanning 
from  the  ordered  phase. 

(3)  How  does  TN  and  the  nature  of  the  transition  vary 
with  the  anisotropy  strength  in  the  range  0  D//  5  ? 

We  hope  to  answer  these  questions  in  a  future 
publication. 


In  conclusion,  we  have  studied  the  pyrochlorc  lattice 
Heisenberg  antifenomagnet  with  a  physically  realistic  an¬ 
isotropy  allowed  by  symmetry  (the  easy  plane  case).  The 
system  has  a  disordered  T= 0  ground  state  with  nematic  or¬ 
der,  consisting  of  randomly  oriented  antiferromagnetic 
“rods”  of  spins.  Monte  Carlo  simulations  suggest  q=0  or¬ 
dering  via  a  strongly  first-order  phase  transition  This  can  be 
understood  as  resulting  from  a  thermally-induced  effective 
coupling  between  the  spin  rods,  and  constitutes  a  remarkable 
example  of  "order  by  disorder.  ” 

It  is  a  pleasure  to  thank  P.  C.  W.  Holdsworth  for  useful 
comments  on  the  manuscript,  and  J.  Dahn  for  supplying  the 
computer  facilities. 
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Using  a  ferromagnetic  Ising  model,  a  new  lattice  homogeneity  breaking  approach  (HBA)  for 
two-dimensional  site  dilution  is  presented.  The  critical  temperature  is  stated  to  result  from  an 
energetic  balance  between  the  cluster  center  and  its  surface.  This  definition  produces  a  breaking  in 
the  homogeneity  of  the  system  between  the  fluctuating  cluster  magnetization  and  the  mean  bulk 
counterpart.  Site  dilution  is  then  found  to  generate  additional  breaking  of  the  system  homogeneity, 
with  the  introduction  of  a  generalized  surface  effect  which  makes  our  procedure  qualitatively 
different  from  the  Betbe  one.  The  HBA  results  in  a  simple  new  analytic  expression  for  site 
percolation  thresholds,  which  reproduces  the  exact  values  or  numerical  estimates  for  all  lattice 
topologies  in  dimension  two,  within  few  percent. 


I.  INTRODUCTION 

The  relevance  of  percolation  phenomena  to  describe 
physical  systems  in  analogy  to  phase  transitions  has  been 
understood  for  decades. Since  then,  much  effort  has  been 
expended  to  determine  values  for  critical  thresholds  accord¬ 
ing  to  the  symmetry  classification  of  all  existing  lattices  (for 
reviews,  see  Refs.  3-6). 

Percolation  is  associated  with  two  kinds  of  dilution, 
which  are  anached.  respectively,  to  bond  and  site.  Exact  re¬ 
sults  for  percolation  thresholds  are  very  hard  to  obtain  ana¬ 
lytically.  Most  difficult  is  the  site  percolation  problem.  In  this 
case,  only  the  two-dimensional  triangular  and  Kagome  cases 
are  solved  exactly.4  Not  a  single  exact  result  has  been  ob¬ 
tained  for  three  dimensions.  It  is  also  worth  noting  that  each 
exact  result  has  been  derived  by  itself  and  not  as  an  outcome 
'  r  some  general  approach.  Last,  but  not  least  is  the  Scher  and 
'.lea  proposal7  to  have  a  constant  product  pj,  where  /  is 
the  lattice  filling  factor.  How  er,  this  idea,  although  general, 
does  not  yield  good  results.  It  needs  an  ad  hoc  choice  of  the 
constar'  which  varies  with  the  dimension,  and  has  a  15% 
error  bai. 

For  more  than  50  years  the  Bethe  scheme  has  been  a 
well-known  approch  to  go  beyond  the  mean-field  treatment 
of  many-body  problems.  In  the  present  work,  we  extend  it  to 
calculate  percolation  thresholds  analytically  using  a  new 
cluster-like  scheme  in  a  ferromagnetic  Ising  system.  The 
mean-field  expression  for  the  critical  temperature  kTc=qJ  is 
postulated  to  hold  beyond  the  inclusion  of  fluctuations  within 
a  newest-neighbors  cluster,  in  the  form  kTc  =  qJtff.  The  ef¬ 
fective  coupling  constant  JtB  is  calculated  from  an  energetic 
balance  between  the  center  and  the  surface  of  the  cluster.  The 
homogeneity  is  thus  broken,  which  results  >n  three  distinct 
magnetizations:  at  the  cluster  center,  the  cluster  surface,  and 
the  bulk.  That  is  why  we  call  this  model  the  homogeneity 
breaking  approach  (HBA),  which  differs  from  the  Bethe 
scheme,  where  the  magnetizations  at  the  cluster  center  and 
the  surface  are  forced  to  be  equal.  The  HBA  yields  all  two- 
dimensional  site  thresholds  within  a  few  percent.  Moreover, 
a  simple  average  of  our  general  result  with  the  Bethe  one  is 


'laboraloirc  associc  au  C.N.R.S.  (U.A.  No.  17)  et  aux  L'niversites  Paris  VII 
et  Paris  VI. 


found  to  produce,  surprisingly,  all  three-dimensional  site 
thresholds  within  a  few  percent. 


II.  THE  FERROMAGNETIC  ISING  PROBLEM 

Let  us  consider  a  ferromagnetic  Ising  system  on  a 
q-nearest-neighbor  lattice.  The  Hamiltonian  is 


H=-j'2,S,Si,  (I) 

(■.» 

where  S,  =  ±  1  is  an  Ising  variable,  and  the  interactions  J  are 
restricted  to  nearest  neighbors  (nn's).  To  go  beyond  the  mo¬ 
lecular  field  approximation,  it  is  necessary  to  distinguish  the 
local  environment  of  any  magnetic  site  from  the  more  remote 
part  of  the  crystal.  To  achieve  such  a  goal,  we  start  from  one 
site  labeled  i,  to  which  we  refer  as  an  A  site.  Then  we  label 
the  set  of  its  nn  by  the  index  j  and  call  them  B  sites.  Last, 
the  nn  of  j  sites,  except  the  i  site,  are  labeled  by  the  index  k 
and  are  called  C  sites.  The  A  site  plus  these  B  and  C  shells 
constitute  a  supercell  for  the  lattice.  This  supercell  is  then 
used  to  pave  the  space  and  reproduce  the  whole  lattice.  The 
lattice  is  thus  divided  into  three  distinct  sublattices  denoted 
respectively  A ,  B,  and  C.  The  scheme  is  easily  visualized  in 
the  square  case.  In  this  scheme,  Eq.  ( 1 )  can  be  written  in  the 
equivalent  form. 


U  i 

s;+  2  4 

[  2  4 

i  e  A 

\  icBJ-l 

1  /£«./=! 

[  AeC 

(2) 


The  prime  means  that  the  summation  over  k  j-nn  sites  does 
not  include  the  i  site.  The  first  step  beyond  the  mean-field 
approach  amounts  to  treat  exactly  both  5,  and  nn  spins  S', 
while  more  remote  S'i'  spins  are  treated  within  mean  field. 
These  remote  spins  belonging  to  the  C  sublattice  are  re¬ 
placed  by  their  thermal  average  (Si;)=mc  in  the  Hamil¬ 
tonian.  We  are  left  with  three  unknown  magnetizations  which 
are  respectively,  mA  =  (Sj),  and  m '  .  Equa¬ 
tion  (2)  reduces  to  H  =  ,  where  H,  is  given  by 

q  q  q  1 

S)-*2)  sj;  h=j'Z  (5*').  (3) 

r  =  i  j=i  4-i 
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where  the  set  k  runs  for  all  (g-1)  nearest  ne.ghbors  of, 
respectively,  each  site  j,  site  i  being  excluded.  The  molecular 
held  h  takes  the  form 


h=J(q-l)m\  (4) 

We  now  introduce  spin  dilution  on  the  lattice.  At  each 
site  /  is  associated  a  random  variable  «;  with  the  probability 
distribution  function,  p(e,)=xS(el- 1)  +  (1  -x)<5(«(), 
where  Jt  is  the  occupied  site  density.  From  Eq.  (3)  the  parti¬ 
tion  function  Z  can  be  written  Z =Z  +  +Z-  ,  where  the  suffix 
corresponds  to,  respectively,  S,  =  + 1  and  S,  =  - 1 .  Under  this 
form  the  mean  value  (e,S,)  is  obtained  as  equal  to 
ft(Z+  -2-)!(Z+  +Z_ ).  The  derivative  of  Z  with  respect  to 
a»fih,  divided  by  (q  -  1  )Z  is  just  (eJS').  At  order  one  in  a, 
the  following  two  mean-value  equations  are  obtained: 


(f,S,)=x2q  tanh(  y)a. 

(5) 

( =  [x +x3(  q  - 1  )tanh2(  y )  ]«, 

(6) 

where  (...)  denotes  a  configurational  average  over  site  dis¬ 
order  variables  {«,}  and  y^fiJ. 

A.  Tha  Beths  approach 

The  requirement  (e,S,)  =  (e'5')  produces  a  Bethe  ver¬ 
sion  of  the  usual  self-consistent  mean-held  equation  of  state. 
The  associated  critical  temperature  is 

,anh(*^)=^TT'  <7) 

The  critical  threshold  for  percolation  is  then  obtained  at 
T? =0  giving 


which  is  the  exact  percolation  threshold  derived  on  a  Caylee 
tree. 


B.  The  homogeneity  breaking  approach 

We  assume  that  the  Tf  functional  is  universal  under  the 
form 

kBTc=qJeS,  (9) 

where  7eff  is  an  effective  coupling.  At  the  mean-held  level 
J'U=J-  To  go  beyond  this  result  we  now  determine  from 
the  expression  for  a  accounting  for  the  interaction  with  x(q 
-  1 )  site  magnetizations,  after  Eq.  (4): 

,  h 

j  cff= - =  (10) 

xfq-lKeA) 

Using  Eq.  (5)  the  critical  temperature  T *  becomes 


FIG.  1.  Multilattice  view  of  ibe  two-dimensional  square  lattice.  Symbols 
(V),  (O),  (□).  and  <  x )  denote  respectively  A,  B.  C,  and  D  lattice  sites. 


Note  that  T*  =  T?  for  x  =  l,  since  Eq.  (11)  matches  Eq. 
(7),  with  the  consequence  that  (S,)  =  (S').  The  HBA  ap¬ 
proach  is  at  this  stage  equivalent  to  the  Bethe  model.  How¬ 
ever,  in  the  Bethe  scheme,  it  is  usually  stated  that  the  com¬ 
mon  mean-value  magnetization  m  =  (Sl)  =  (S'l )  is  the 
magnetization  in  the  bulk,  i.e.,  m  --  m’  Nevertheless,  substi¬ 
tution  of  Eq.  (4)  into  Eq.  (5)  results  in 

m  =  q  tanh( y)/l/(q-  1  )m',  (13) 

which  obviously  shows  that  m*m' ,  thus  proving  wrong  the 
above  homogeneity  assumption.  To  get  m  =  m  ’  at  any  tem¬ 
perature  would  require  a  temperature  dependent  coupling  in 
Eq.  (4)  instead  of  J.  The  lattice  homogeneity  has  thus  been 
already  broken  within  the  Bethe  model.  Though  opposite  to 
what  is  usually  assumed  in  all  textbooks,  this  result  is  fully 
consistent  with  the  cluster  character  of  the  Bethe  scheme 
which  is  enhanced  by  the  symmetry-lattice  view. 

As  soon  as  x  *  1 ,  our  model  differs  from  the  Bethe  one. 
In  particular,  at  T=  T f,  we  now  have  (c,S,)  (eJSJ)  in  con¬ 
tradistinction  to  the  pure  situation.  Dilution  is  thus  found  to 
produce  an  additional  breaking  in  homogeneity  through  a 
surface  effect  which  results  in  three  different  magnetizations 
at  respectively,  the  center,  the  surface,  and  the  bulk.  Such  a 
multibreaking  in  homogeneity  is  indeed  consistent  with  the 
site  hierarchy  we  have  built.  The  treatment  is  fully  exact  for 
the  central  site,  partly  exact  for  its  nearest  neighbors,  and 
mean  field  for  next  nearest  neighbors.  Equation  (3)  corre¬ 
sponds  to  such  a  cluster  which  covers  the  whole  space  by 
translational  invariance  (see  Fig.  1).  On  the  opposite  Eq.  (X) 
is  associated  to  a  perfect  mean-field  lattice  realized  only  in 
the  Caylee  tree. 

III.  RESULTS  AND  CONCLUSION 


,anh|*^)=?(^T)- 

The  associated  percolation  threshold  is 


At  this  stage,  to  check  our  procedure  it  is  worth  compar- 
(11)  ing  various  lattices  exact  estimate  percolation  thresholds  to 
those  obtained,  respectively,  from  Eqs.  (8)  and  (12).  Results 
are  shown  in  Table  1.  From  the  table  it  is  clearly  seen  that  x? 
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TABLE  I.  Percoiarioc  thresholds  in  the  Babe  model  xf,  end  in  the  present 
wort  I*.  competed  with  exact  or  numerical  enriawees  p,  after  Ref.  3.  The  * 
means  frustrated  lattice  and  3*2,  others tse  3-  1 


d 

1  Bit if* 

9 

xf 

X? 

Pc 

d  =  2 

Square 

4 

0.333 

0.577 

0.593 

Honeycomb 

3 

0.500 

0.707 

0.698 

Triangular* 

6 

0.200 

0.500 

0.500 

Kagome* 

4 

0.333 

0.707 

0.653 

3 

Diamond 

4 

0.333 

0.577 

0.428 

sc 

6 

0.200 

0.447 

0.311 

bcc 

8 

0.143 

0.378 

0.245 

fee* 

12 

0.091 

0.316 

0.198 

d  =  00 

Cay  lee  tree 

9 

1 

(9-1) 

(4-1) 

gives  rather  good  results  for  two  dimensions.  However,  for 
three  dimension  the  data  do  not  fit  very  well.  It  is  worth 
noticing  that  while  the  usual  Be  the  scheme  underestimates 
fluctuations,  giving  lower  threshold  values,  our  own  scheme 
overestimates  them  with  higher  thresholds.  At  this  stage  it 
turns  out  that  malting  a  simple  average  of  the  respective  two 
values  gives  rather  good  three-dimensional  data  x"  with,  in 
respective  order,  0.455,  0.323,  0.260,  and  0.1%.  This  aver¬ 
age  does  not  hold  either  at  two  or  four  dimensions. 

Looking  more  precisely  at  two-dimensional  results  in 
Table  I,  a  rather  good  agreement,  within  a  few  percent,  is 
found  to  hold  for  the  square  and  honeycomb  lattices.  For  the 
triangular  and  Kagome  lattices  the  error  is  of  order  10%. 
This  discrepancy  results  indeed  from  a  topological  pathol¬ 
ogy.  Equation  (3)  does  not  hold  for  all  lattices.  It  can  be  seen 
that  in  the  particular  cases  of  triangular  and  Kagome  lattices. 


a  site  *  is  simultaneously  a  mean-field  nearest  neighbor  of  a 
site  j  and  an  exact  nearest  neighbor  of  the  central  site  i.  In 
other  words  some  sites  k  are  also  sites  j.  In  such  a  case,  the 
distinction  between  the  subsets  j  and  f  is  irrelevant,  and  so 
are  Eqs.  (2)  and  (3).  Such  a  topology  is  characteristic  of 
frustrated  lattices,  so-called  because  the  sentience  (+  -)  can¬ 
not  be  fulfilled  simultaneously  for  all  nearest  neighbors  in 
case  the  interaction  is  antiferTomagnetic  Accounting  exactly 
for  all  interactions  among  first  nearest  neighbors  yields,  in 
the  Kagome  case  the  expression  x*  -  1  /  v(  q~2)  instead  of 
Eq.  (12),  giving  xf =0.707  which  is  closer  to  pc  =0.653  than 
Xc  =0.577.  Extending  the  formula  to  the  triangular  case  gives 
the  exact  result  xf =0.500. 

In  conclusion,  this  new  approach  to  tackle  two- 
dimensional  lattice  problems  goes  beyond  the  usual  Bethi. 
scheme,  and  yields  the  first  analytic  formula  for  all  two- 
dimensional  percolation  theshoids,  in  agreement  (within  a 
few  percent)  with  exact  results.  In  a  field  where  most  results 
are  either  numerical  or  specific  to  a  given  lattice,  our  general 
analytical  result  should  shed  new  light  on  the  actual  stale  of 
understanding. 
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Recent  magnetic  studies  of  polycrystalline  CoCI,  H,0  showed  an  antiferromagnetic  ordering 
transition  at  TN~  14  K  and  an  apparent  spin  glass  transition  at  —7  K.  We  now  have  extended  the 
magnetic  susceptibility  measurements  up  to  300  K  The  results  above  T iV  can  be  well  described  if 
the  lowest  electronic  states  of  Co2  *  in  this  salt  are  two  Kramers  doublets  separated  by  lE/k  =  230 

K,  and  if  a  predominantly  ferromagnetic  mean  field  interaction  is  introduced.  The  heat  capacity  of 
CoG2H20  over  the  range  0.6-80  K  has  also  been  measured.  Below  —10  K,  Cp*=aT  2  +  bT}  The 
first  term  is  the  hyperfine  contribution  of  the  ’"'Co2*  nuclei.  The  second  is  the  sum  of  lattice 
vibrational  and  electronic  spin  parts.  Cp  exhibits  a  X-type  peak  at  TNi  =  15. OirO.OS  K,  and  a 
second  X  anomaly  of  comparable  size  at  TN2~  13.9±0.05  K,  which  appears  to  be  associated  with 
a  spin  reorientation  transition.  Correcting  the  observed  C p  data  for  the  nuclear  spin  contribution,  one 
may  calculate  the  sum  of  lattice  vibration  and  electron  spin  entropies,  and  thus  obtain  at  Tst  an 
upper  limit  to  the  critical  magnetic  entropy.  This  amounts  to  0.38  R  In  2,  suggesting  that  a 
substantial  part  of  the  spin  ordering  in  this  system  is  of  short-range  and  lower  dimensionality.  C  p 
also  exhibits  an  inflection  point  near  4.5  K,  where  an  unusual  feature  in  the  temperature  dependence 
of  the  spin  glass  thermoremanent  magnetization  was  found. 


I.  INTRODUCTION 

Recent  magnetic  measurements'  on  polycrystalline 
samples  of  CoCI2H20,  a  previously  unexamined  member  of 
an  otherwise  familiar  family  of  Co2*  salts,  show  a  rounded 
maximum  in  \p  near  16  K,  with  a  distinct  maximum  in  dgl 
dT  at  14.0±0.l  K.  These  features  suggest  an  antiferromag¬ 
netic  ordering  transition  at  14  K.  Comparison  of  field- 
cooled  and  zero-field-cooled  susceptibilities  reveals  an 
apparent  spin  glass  transition  with  a  freezing  temperature  Tg 
in  the  6-7  K  range.  CoCl2  H20  is  prepared  by  the  partial 
removal  at  elevated  temperature  of  water  from  CoC12-2H,0. 
a  well-known  metamagnet  composed  of  antiferromagneti- 
caJly  coupled  chains  of  ferromagnetically  aligned  Co2* 
spins.2  While  the  structure  of  the  monohydrate  is  as  yet  un¬ 
known,  the  nature  of  the  starting  material  and  mode  of  prepa¬ 
ration  suggest  that  CoC12  H20  may  well  exhibit  significant 
magnetic  ion  site  randomness  or  defect  concentration  as  well 
as  frustration  and  low  dimensionality  of  magnetic  interac¬ 
tions. 

In  this  paper  we  present  (i)  the  extension  of  powder 
susceptibility  measurements  up  to  300  K  and  (2)  the  deter¬ 
mination  of  the  equilibrium  heat  capacity  of  CoCl2  H20  be¬ 
tween  0.6  and  80  K.  The  new  xp  data  establish  the  presence 
of  important  ferromagnetic  as  well  as  antiferromagnetic  in¬ 
teractions  in  this  system.  The  Cp  results  suggest  that  these 
competing  interactions  and  anisotropy  effects  produce  sev¬ 
eral  phase  transitions,  and  that  the  system  has  a  low¬ 
dimensional  character. 

II.  EXPERIMENTAL  DETAILS 

Fine-grained  polycrystalline  samples  of  CoCI2  H20 
were  prepared  as  described  in  Ref.  1.  Magnetic  susceptibility 
measurements  were  made  on  a  123.68  mg  polycrystalline 
sample  using  a  low-temperature  vibrating  sample  magneto¬ 


meter.  Susceptibilities  reported  here  have  been  corrected  for 
diamagnetism  (yd,a=  -77x  10  '’emu/mol)  and  demagnetiza¬ 
tion.  The  heat  capacity  Cp(H  =  0)  was  measured  in  a 
vacuum  calorimeter  using  a  mechanical  heat  switch  and 
cooled  with  liquid  ’He  or  4He.  The  data  reported  here  were 
obtained  with  a  specimen  consisting  of  28.068  g  (0.1898 
mol)  of  powdered  CoCI2  H20  by  the  method  previously 
described.’ 

III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  molar  magnetic  susceptibility  vs  tem¬ 
perature  of  CoCl2  H20  as  X  vs  T  and  y  1  vs  T.  The  antifer¬ 
romagnetic  maximum  at  16.2  K  and  lower  y  vs  T  data  are 
not  shown  here,  but  appear  in  Ref.  1.  It  is  fairly  evident  from 
Fig.  1  that  x  1  vs  T  is  not  acceptably  linear  in  any  significant 
temperature  range  above  —60  K.  A  Curie-Weiss  fit 


FIG.  1.  Magnetic  susceptibility  ami  I  t„,|  of  powdered  CoCl;  H.O 
with  the  model  curve  described  in  the  text  and  the  parameters  shown. 


J.  Appi.  Phys.  75  (10),  15  May  1994  0021 -0979/94/75(1 0)/5529/3/$6.00  ©  1994  American  institute  of  Physics  55 29 


[Xu  =  C!{T-  0)1  to  data  in  the  rather  linear  29-70  K  range 
yields  C  =  2.99±0.02  emu  K/mol  and  0=14.8±O.3  K.  The 
0  value  is  positive  and  much  larger  than  that  reported  for 
CoCl2-2H20,  suggesting  that  ferromagnetic  exchange  is 
more  predominant  in  the  monohydrate  than  the  dihydrate. 

For  weak  octahedral  coordination  the  crystal  field 
ground  term  of  Co'+  is  a  4Tlg  level.  The  effects  of  crystal 
field  distortions  and  spin-orbit  coupling  lead  to  a  splitting  of 
this  level  into  six  Kramers  doublets,  typically  separated  by 
more  than  kT,  even  for  T =300  K.  Under  such  circum¬ 
stances,  Curie< -Weiss)  behavior  over  a  fairly  broad  tempera¬ 
ture  range  below  300  K  is  expected.  Only  the  ground  Kram¬ 
ers  doublet  is  significantly  populated  and  the  system  is 
describable  on  an  effective  S'  =j  basis.  For  CoC12  -2H20,  the 
corresponding  average  g  value'  is  4.83.  The  value  of  C  re¬ 
ported  above  for  CoC12  H20  in  a  much  more  restricted  tem¬ 
perature  range  leads  to  g  =  5.65±0.02  on  the  same  S'=j 
basis. 

The  substantial  curvature  in  our  x~'(T)  data  suggests 
that  in  CoCl2H20,  assuming  a  somewhat  analogous  pattern 
of  states,  the  separation  between  ground  and  first  excited 
doublets  is  not  large  with  respect  to  kT.  In  order  to  account 
for  these  data,  we  adopt  a  model  in  which  a  lower  doublet, 
characterized  by  g  [ ,  is  AE  below  a  first  excited  doublet, 
characterized  by  g2  .  Application  of  the  Van  Vleck  equation 
gives 

Si  k- g\e~^lkT 

*=0.0938  emu  K/mol  yj  { .)T^~  3JTT7,  0) 

Exchange  interactions  are  evidently  substantial  in 
CoC12  H20,  and  are  accounted  for  using  the  mean  field 
expression4 

*„=X/[l-(2zJ/Ai0g2/4)*],  (2) 

where  J  is  a  mean  exchange  interaction  over  z  neighbors. 

Equations  (1)  and  (2)  are  used  to  fit  xP  between  40  and 
300  K  in  Fig.  1  with  RMS  deviation  1.5%;  the  agreement  is 
satisfactory.  The  fitted  parameters  are  shown  in  the  figure. 
The  energy  separation  between  ground  and  first  excited  dou¬ 
blets  AE/k  =  230  K  is,  as  anticipated,  not  large  compared  to 
kT  for  much  of  the  fitted  range.  This  separation  was  reported 
as  1%  K  for  CoCI2-2H20.2  The  g  values,  though  perhaps  a 
bit  larger  than  might  be  expected,  are  plausible.  The  zJ/k 
value  agrees  well  with  the  29-70  K  Curie- Weiss  fit  0  via  the 
familiar  mean  field  relation  0=2S(5+  1  )zJ/3k. 

While  the  exchange  interaction  deduced  from  data  in  the 
paramagnetic  region  is  predominantly  ferromagnetic,  a 
weaker  antiferromagnetic  interaction  must  also  be  present,  to 
account  for  the  maximum  in  xp  and  the  onset  of  antiferro¬ 
magnetic  long-range  order  below  Tm.  The  l/*p  vs  T behav¬ 
ior  of  Fig.  1  is  similar  to  that  seen  in  a  number  of  systems 
shown  to  consist  of  chains  (or  planes)  of  ferromagnetically 
coupled  ions  with  weaker  antiferromagnetic  interactions  be¬ 
tween  the  chains  (or  planes).  Application  of  a  large  enough 
magnetic  field  to  such  a  system  below  TN  can  cause  the 
magnetization  to  rise  rapidly  from  the  low  value  of  the  anti¬ 
ferromagnetic  ordered  state  to  a  large  value  corresponding  to 
near-ferromagnetic  saturation.  CoC12-2H20  is  such  a 
metamagnet.2 
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FIG.  2.  Log-log  plot  of  Cf(T)  of  CoCI3  H43,  with  a  fitted  nuclear  contri¬ 
bution. 


The  heat  capacity  Cp  of  powdered  CoCI2  H20  measured 
between  0.6  and  80  K  is  shown  on  a  log-log  plot  in  Fig.  2. 
Cp  passes  through  a  minimum  near  2  K,  and  can  be  well 
described  in  the  range  0.6  K 7  -  4  K  by  an  equation  of  the 
form  Cp  =  aT~2  +  bT\  with  a  =  0.01 77±0.001 3  J  K  mol 
and  6  =  0.001  15±0. 00010  J/mol  K4,  as  indicated  by 
the  dashed  curve.  The  first  term  may  be  interpreted  as  arising 
from  the  hyperfine  interaction  of  the  spin  (/  =  ;)  of 
the  59Co24  nucleus  with  the  spin  (S'  =  ;)  of  the  electronic 
ground  state  according  to  the  Hamiltonian  S'  A  I.  The  re¬ 
sultant  splitting  makes  a  contribution  to  the  heat  capacity, 
which  in  the  high  temperature  limit  may  be  shown5  to  be 
CT2IR  =  (f|)(A2+A2+A2)/k2.  Equating  experimental  and 
theoretical  coefficients  of  T  2,  one  finds  for  the  hyperfine 
coupling  constants  Va^+aJ+A2/*  =  0.040  ±  0.013  K. 
a  value  very  close  to  those  found  by  a  variety  of  methods  for 
5,Co2+  in  a  number  of  different  solids. 

The  T3  term  in  Cp  at  low  temperatures  is  probably  a 
superposition  of  two  contributions  varying  as  T3,  one  due  to 
lattice  vibrations,  the  other  to  excitations  of  the  coupled  spin 
system,  e.g.,  three-dimensional  (3-D)  antiferromagnetic  spin 
waves.  The  spin  contribution  grows  more  rapidly  as  T  ex¬ 
ceeds  ~9  K,  Cp  eventually  exhibiting  a  succession  of  two 
sharp  X  anomalies  of  comparable  size  at  Tsl-  13.9±0.05 
K  and  Tm  — 15.0±0.05  K.  The  data,  after  subtraction  of 
the  hyperfine  contribution,  are  shown  enlarged  on  a  linear 
plot  in  Fig.  3.  These  anomalies  lie  well  below  17.2  K.  the 
Neel  temperature  of  CoCl2-2H20,  where  a  strong  single  X 
peak  has  been  observed.6  The  absence  of  such  a  peak  and 
others  at  the  ordering  temperatures  of  CoC’l,  and  its  other 
hydrates  is  good  evidence  that  our  sample  consists  of  single¬ 
phase  CoC12  H20.  While  TN2  in  the  Cp  data  agrees  well  with 
the  temperature  of  maximum  dg/dT,  a  corresponding 
anomaly  in  *  at  Tm  has  not  yet  been  resolved. 

Twin  Cp  peaks  such  as  those  in  Figs.  2  and  3  are  not 
common,  but  several  cases  have  been  studied,  among  them 
CsNiCl}7  and  NiCl2  -2H20.8  CsNiG3  is  a  quasi -one - 
dimensional  antiferromagnet9  on  a  stacked  triangular  (simple 
hexagonal)  lattice  with  weak  antiferromagnetic  interchain 
coupling.  The  effects  of  anisotropy  and  frustration  produce  a 
complicated  phase  diagram,  which  in  zero  field  yields  the 
observed  succession  of  transitions.  NiCl2  -2H20,  on  the  other 
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FIG.  3.  Linear  plot  of  Cp(T)  of  CoCl2 ' HiO  corrected  for  the  nuclear  con- 
tnbutioa. 

hand,  is  effectively  a  system  of  ferromagnetic  chains  weakly 
coupled  by  antiferromagnetic  exchange,  producing  net  anti¬ 
ferromagnetism  and  the  characteristic  behavior  of  a  meta¬ 
magnet.  The  transition  from  the  upper  ordered  phase  to  the 
lower  is  one  of  spin  reorientation,  and  has  been  attributed10 
to  a  competition  of  different  anisotropy  mechanisms  with 
different  temperature  dependences.  As  shown  by  our  suscep¬ 
tibility  results,  interactions  of  both  signs  occur  in  CoCI2  -  H20 
with  the  ferromagnetic  coupling  dominant.  In  this  respect  it 
resembles  NiCl2-2H20. 

There  is  also  evidence  of  low-dimensional  character  in 
the  coupled  spin  system.  To  see  this  we  calculate  the  entropy 
by  computing  the  integral  /J (C^T)  dT=S~Sa  and  setting 
5o=0.  We  use  the  Cp  data  corrected  only  by  subtracting  the 
nuclear  contribution,  aJT :,  determined  above.  The  result  is 
the  sum  of  electronic  and  lattice  vibrational  entropies.  At 
T, v,,  it  amounts  to  0.263/?  =  0.38/?  In  2  and  represents  an 
upper  limit  to  the  critical  entropy  of  the  electronic  spins. 
Note  that  the  entropy  difference  between  the  fully  ordered 
and  totally  disordered  slates  of  a  system  of  N0  ions  with 
effective  spin  5'  =  j  is  R  In  2.  While  the  critical  entropy  of  a 
typical  3-D  model  magnet  with  S'  =  j  ranges  from 
~0.6/?  In  2  to  —0.85 R  In  2,  that  of  a  2-D  Ising  model  is 
only  0.44/?  In  2.  The  critical  entropy  of  the  electron  spin 
system  in  CoC12  H20  is  substantially  less  than  this,  suggest¬ 
ing  that  its  dominant  interactions  are  of  a  low-dimensional 
nature. 


To  improve  the  estimate  of  the  critical  spin  entropy,  it  is 
necessary  to  correct  the  Cp  data  for  the  contribution  of  lattice 
vibrations.  In  the  absence  of  a  diamagnetic  isotnorph  of 
CoC12  H20,  one  might  hope  to  obtain  this  contribution  with 
the  help  of  a  theoretical  model,11  much  as  we  were  able  to 
do3  in  the  case  of  MnCl2  H20  ( 7*  —  2  1 8  K).  However,  for 
CoCI2  H20,  the  magnetic  anomalies  in  Cp  occur  at  relatively 
high  temperatures,  and  it  is  much  more  difficult  to  estimate 
the  parameters  of  such  a  model  A  crude  attempt  employing  a 
scaled  version  of  the  same  model  used  for  MnCl2-H20  sug¬ 
gests  that  at  Tm  the  lattice  vibrational  entropy  might  amount 
to  -0.13/?  In  2,  thus  reducing  the  critical  entropy  of  the 
electron  spins  to  —0.25/?  In  .  In  any  event,  as  CoCI,  H20 
is  cooled  below  100  K,  much  of  the  reduction  in  its  spin 
entropy  occurs  through  the  development  of  short-range  order 
in  lower-dimensional  spin  arrays,  presumably  spin  chains. 
This  is  seen  directly  in  the  large  tail,  which  Cp  exhibits 
above  TNI  in  Fig.  2,  and  the  fact  that  the  peaks  at  the  long- 
range  ordering  transitions  T„ „  and  TN2  are  rather  small. 

One  other  feature  of  Fig.  2  deserves  mention.  The  Cp 
data  show  a  distinct  inflection  point  at  *-4.5  K,  where  an 
unusual  feature  also  occurs  in  the  T  dependence  of  the  ther¬ 
moremanent  magnetization.  This  and  other  spin  glass  char¬ 
acteristics  of  CoC12H20  will  be  discussed  elsewhere. 
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Perturbative  approximation  scheme  for  isolated  impurity  bonds 
in  the  two-dimensional  spins  Heisenberg  antiferromagnet 

P.  Schlottmann  , 

(  Department  of  Physics,  Florida  State  University ,  Tallahassee,  Flot  ida  3230b 

,  1  ,  | 
An  isolated  impurity  bond  of  coupling replacing  a  link  J  in  the  spin-;  Heisenberg 
'  antiferromagnet  on  a  square  lattice  is  considered.  A  simple  perturbative  approximation  scheme  is  j 

I  deviced,  in  which  the  two-site  cluster  formed  by  the  spins  linked  by  the  impurity  bond  is  embedded 

I  into  the  linearized  spin  wave  approximation  for  the  antiferromagnet.  The  resolvent  for  the  local  I 

states  of  the  cluster  is  calculated  in  three  successive  levels  of  approximation.  The  ground  state  wave 
function,  the  magnetization  at  the  impurity  link,  and  the  transverse  correlation  across  the  impurity 
link  as  a  function  of  the  coupling  K  are  discussed. 


Several  mechanisms  for  high  temperature  superconduc¬ 
tivity  invoke  the  strong  antiferromagnetic  correlations  within 
the  CuO  planes.  Properties  of  the  high-7-,.  compounds  are 
believed  to  be  related  to  defects  in  the  planes,  e.g.,  static 
vacancies,1'2  mobile  holes,2'4  and  ferromagnetic  bonds.5,7  For 
instance,  the  addition  of  holes  in  La2Cu04  (e.g.,  by  doping 
with  Sr)  introduces  a  local  effective  ferromagnetic  exchange 
coupling  between  the  Cu  spins."  The  resulting  frustration  af¬ 
fects  the  antiferromagnetic  correlations  in  the  neighborhood 
of  the  ferromagnetic  link,  and  could  be  the  origin  of  the 
spin-glass  phase,  and  is  possibly  related  to  the 
superconductivity." 

Isolated  ferromagnetic  impurity  bonds  in  an  otherwise 
antiferromagnetic  square  lattice  have  been  studied  numeri¬ 
cally  by  diagonalization  of  clusters,6,7  and  within  the  simple 
linearized  spin  wave  approximation  (LSWA).5  The  LSWA 
provides  a  reasonable  description  of  the  pure  quantum  anti¬ 
ferromagnet  at  T=0.  The  ground  state  has  a  broken  symme¬ 
try  (Neel  state),  and  quantum  fluctuations  reduce  the  sublat¬ 
tice  magnetization  to  an  ordered  moment  of  about  0.3.  Since 
the  scattering  potential  arising  from  the  impurity  link  is  fac- 
torizable,  the  problem  of  one  isolated  ferromagnetic  bond 
embedded  in  an  antiferromagnetic  lattice  can  be  solved  ex¬ 
actly  within  the  LSWA.1,2,5  With  increasing  strength  of  the 
ferromagnetic  coupling,  the  staggered  magnetization  is 
gradually  suppressed  close  to  the  impurity  link,  and  the  two 
spins  joined  by  the  ferromagnetic  bond  tend  to  form  a  triplet 
state  (with  spin  projection  perpendicular  to  the  Neel  stag¬ 
gered  magnetization).  Since  the  LSWA  only  takes  into  ac¬ 
count  the  leading  terms  of  a  1/S  expansion  about  the  Neel 
state,  a  strongly  ferromagnetic  link  then  eventually  leads  to 
the  breakdown  of  the  LSWA.5 

To  overcome  the  artificial  singularities  that  lead  to  the 
breakdown  of  the  LSWA,5  the  local  correlations  at  the  iso¬ 
lated  ferromagnetic  link  have  to  be  treated  properly.  Here  we 
consider  three  successive  approximations  for  the  two-site 
cluster  formed  by  the  spins  joined  by  the  impurity  bond  of 
arbitrary  coupling  K  embedded  into  the  antiferromagnet  of 
coupling  J  described  within  the  LSWA. 

The  first  approximation  consists  of  the  two  site  Hamil¬ 
tonian  (the  impurity  link  joins  sites  1  and  2)  coupled  to  the 
static  staggered  magnetization  of  the  antiferromagnet,  m, 

H0=-KSlS2  +  3mJ(S]-S‘2).  (1) 


Note  that  each  of  the  spins  is  coupled  to  three  sites  of  the 
lattice,  and  within  the  LSWA  m  =  0.3034.  The  Hamiltonian 
(1)  has  four  eigenstates,  which  we  denote  |7"+ )  =  | T  I ).  7 
->  =  lli),  !<?>=  cos  fl|lT>+sin  and  |£ >=  -sin  *jl T) 
+cos  0(  1 1 }.  Here  8  is  „  mixing  angle  given  by 

tan  6»=(A/2)/{3mJ  +  [(A/2):  +  (3mJ):]1  -}.  (2) 

and  the  energies  are  £ri  =  -K/4,  £c  =  A/4-[(A/2): 
+  (3 nt/)2]1'2,  and  EC=KI4  +  |(K/2)2  +  (3mJ)2],/:  The 
sites  1  and  2  have  opposite  magnetizations,  the  one  of  site  2 
being  m0=(()  cos(2 8),  and  the  transversal  correlation  across 
the  impurity  link  is  given  by  (S4S;}  =  (;)  sin(20).  The  angle  8 
varies  from  -  ir/2  for  a  strong  antiferromagnetic  link  to  tr/'2 
for  a  strong  ferromagnetic  coupling,  and  vanishes  for  the 
missing  link,  K= 0.  Within  this  simple  approximation  the 
magnetization  then  tends  to  zero  as  I/Cl—**  and  is  maximum. 
m0- 0.5,  for  K  =  (3.  The  transversal  correlation,  on  the  other 
hand,  is  maximum  for  |fC|->*  (the  spins  are  parallel  or  an¬ 
tiparallel)  and  vanishes  for  the  missing  link  (the  two  spins 
are  independent).  m0  and  (S4  S\)  are  displayed  in  Figs.  1(a) 
and  1(b)  (dotted  line),  and  the  angle  8  is  shown  in  Fig.  1(c). 

In  principle,  we  could  equate  m0  with  m  for  /C=  -  J 
(i.e.,  the  impurity  link  is  just  one  more  bond  in  the  lattice) 
and  search  for  a  self-consistent  solution.  This  yields 
m0-m-  0.471,  which  is  a  strong  overestimation  of  the  true 
sublattice  magnetization.  This  result  is  not  unexpected,  since 
the  quantum  fluctuations  of  the  lattice  have  been  neglected. 
The  quantum  fluctuations  admix  the  states  |  T± )  and  |£)  into 
the  ground  state.  Since  the  spins  are  parallel  in  the  states 
|T±),  they  do  not  contribute  io  the  antiferromagnetic  order 
nor  to  the  transverse  correlations  (the  matrix  elements  van¬ 
ish),  but  they  reduce  the  spectral  weight  of  the  states  |G)  and 
|£).  These  admixtures  are  considered  below. 

Within  the  LSWA,  the  pure  S  =;  antiferromagnet  is  de¬ 
scribed  by  spin  waves.9,10 

Hsw=-6NJ+'2i  aik(aiak+i3i/3k+l),  (3) 

k 

where  o\=4J(l  -  y^1-  with  yk=(()(cos  kx+cos  ky),  the  lat¬ 
tice  parameter  is  equal  to  unity,  N  is  the  number  of  sites  of 
one  sublattice,  and  the  k  summation  is  over  the  reduced  Bril- 
louin  zone.  The  operators  ak  and  /3k  create  the  two  branches 
of  spin  wave  excitations.  The  coupling  of  the  cluster  (sites  1 
and  2)  to  the  antiferromagnet  is  Ht=Hu  +  Ht j. 
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W'1  =  2 lSl**(,,ka,i+l»kA)  +  Si  ^k(«k‘Ik+t'k/3k)  +  'S2ik«,*'(l'iiak  +  ti^k)  +  S22ke  '*‘(Uk“k+ “fc/Sfc)] •  (4a) 

2  -3m+^2  *k-k’(“k«k+«k^kK“k'“k'  +  Uk'^i-)J 

+W  -\  +3*-^S  ^-k'«',<‘'"i',(Uk“k+“u8k)(i'k'ai-  +  “k'/3k')  j.  (4b) 


where  Zk=4>k_  e_,*'.“k  =  cosh(Kk),  uk=sinh(/tk)  and 
tanh(2*k)- _7k  Finally,  die  seven  bonds  corresponding  to 
the  impurity  link  and  its  connections  to  the  lattice  have  to  be 
projected  out  from  the  spin  wave  description  of  the  lattice, 
H„,  to  avoid  double  counting.  This  gives  rise  to  an  addi¬ 
tional  term  in  the  Hamiltonian,  H2,  which,  however,  within 
our  approximation  schemes  enters  the  calculation  in  a  higher 
order,  and  can  be  neglected.  The  Hamiltonian  of  the  system 
is  then  H-H0  +  Hsw+H1+H1. 

Within  our  second  approximation  we  admix  the 
|T± )  states  into  the  ground  state,  by  keeping  only  one  inter¬ 
mediate  spin  wave  state  to  be  consistent  with  the  LSWA,  but 
we  neglect  the  admixture  of  the  |£)  state.  Note  that  the  ex¬ 
pectation  value  of  A/,h  vanishes  if  m  is  chosen  adequately, 
i.e.,  neglecting  the  feedback  of  the  cluster  on  the  lattice,  this 


corresponds  to  m  =  0.3034.  Perturbative  admixtures  involv¬ 
ing  matrix  elements  of  //,|  can  then  contribute  only  if  more 
than  one  spin  wave  is  excited  in  an  intermediate  state,  and 
will  be  neglected.  This  is  equivalent  to  neglecting  longitudi¬ 
nal  spin  fluctuations,  which  are  as  well  disregarded  in  the 
LSWA.  The  |T±)  states  are  hybridized  with  |G)  to  first 
order  through  matrix  elements  of  ffu.  Since  matrix  elements 
of  the  staggered  magnetization  and  the  transversal  spin  cor¬ 
relation  involving  the  \T±)  states  vanish  identically,  the 
main  action  of  the  admixture  is  to  reduce  the  spectral  weight 
of  |G>. 

To  calculate  the  spectral  weight  of  |(7)  in  the  ground 
state,  we  consider  the  resolvant  matrix  element 
(G|(<i>— H)~l\G),  where  o>  is  a  complex  frequency.  The  hy¬ 
bridization  with  |T±)  introduces  a  self-energy, 


FIG.  1.  (a)  Magnetization  at  the  sites  adjacent  to  the  imparity  link  and  (b) 
transversal  correlation  across  the  imparity  link  as  a  function  of  the  coupling 
K  (J  =  l).  The  dotted,  dashed,  and  solid  curves  correspond  to  the  first, 
second,  and  third  approximations  discussed  in  the  text,  (c)  Admixture  angles 
9  and  (p  and  spectral  weights  as  a  function  of  K.  The  dashed  and  solid  lines 
correspond  to  the  second  and  third  approximations,  respectively. 


2cc(a,)=F1(u,)  +  cos(2P)F2(a))-sin(2e)Fj(<u),  (5) 
where  F^ai)  are  the  following  functions: 

i+8yk 


F, (<*>  =  £;£ 


4 N  ^  u)—Ey+Eq  — 


(i-ri)’ 


l+Sy* 


4 JV"  w-^+Fc-w,,’ 


o>— Et+Eg  —  a>k 


rlr112- 


(6) 


Note  that  the  energy  denominator  only  involves  one  spin 
wave  energy  <i\  •  The  summations  over  k  are  converted  into 
a  two-dimensional  integral,  which  is  straightforwardly  per¬ 
formed  numerically  (good  convergence  is  reached  with  a  few 
hundred  points  in  each  of  the  kx  and  ky  directions).  In  the 
absence  of  admixture,  the  energy  of  the  state  |G)  corre¬ 
sponds  to  a>= 0.  The  self-energy  reduces  the  ground  state 
energy,  which  is  now  given  by  the  lowest  solution  of 
<u=2gc(<u),  which  we  call  O.  The  residue  of  this  state  yields 
the  spectral  weight  of  |G),  i.e.,  5h>  =  (1  -</£cc/da)|0)-1. 
The  magnetization  of  the  spins  of  the  cluster  is  now 
mo=(sw!2)cos{20),  and  the  transversal  correlation  across 
the  impurity  link  is  (SiS2>  =  (sH’/4)sm(2S).  Their  9  or  K 
dependence  is  then  still  similar,  but  their  amplitude  is  re¬ 
duced.  The  magnetization  and  (S^S2)  as  a  function  of  K 
within  this  second  approximation  are  the  dashed  curves  in 
Figs.  1(a)  and  1(b),  respectively.  The  K  dependence  of  the 
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spectral  weight  introduces  a  weak  asymmetry  in  the 
antiferro-  versus  ferromagnetic  coupling.  The  spectral  weight 
is  given  by  the  dashed  curve  in  Fig.  1(c). 

There  are  two  major  contributions  that  have  been  ne¬ 
glected  in  the  second  approximation:  (i)  the  admixture  of  the 
|£)  state  into  the  ground  state,  and  (ii)  the  self-energy  dress¬ 
ing  of  the  |  T±  )  states.  The  latter  further  reduces  the  spectral 
weight,  sw,  since  it  lowers  the  energy  of  the  \T±  )  states  and 
enhances  in  this  way  the  hybridization  matrix  element.  On 
the  other  hand,  the  admixture  of  the  |£)  state  introduce; 
further  asymmetries,  i.e.,  a  qualitative  change.  We  consider 
the  effect  of  (i)  in  our  third  approximation. 

Our  third  approximation  consists  of  calculating 
the  resolvent  matrix  for  the  two  states,  |G)  and  |£). 
This  matrix  is  diagonal  in  the  absence  of  mixing, 
i.e.,  <G|(a>-//0)-,!G)  =  u>"1  and  <£|(a>-tf0r‘|£> 

'=(<e—££+£c)  .  Spin  flips  create  spin  waves  and  transi¬ 
tions  to  the  | T±)  states,  giving  rise  to  a  self-energy  matrix. 
This  matrix  is  nondiagonal  and  symmetric,  i.e., 
XCE(ai)=l£G(aj).  Keeping  only  intermediate  states  involv¬ 
ing  one  spin  wave,  we  obtain 

2££(<u)  =  F1(<u)-cos(2d)£2(<<i)  +  sin(2d)F5(ui),  (5’) 

SC£(w)=  -sin(20)F2(<u)-cos(20)F3(ai),  (5") 

and  XGG(*»)  is  still  given  by  (S).  To  obtain  the  ground  state 
within  this  approximation,  we  have  to  find  the  lowest  value 
of  to  (denoted  by  fl),  satisfying 

det(oi)  =  [<u— 2cg(<h)][u>  — ££+£0-2££(ui)] 

-[Sc£(o.)]2=0.  (7) 

The  condition  (7)  corresponds  to  the  determinant  of  the  in¬ 
verse  of  the  resolvent  matrix  equated  to  zero.  For  u>=0,  the 
matrix  has  two  real  eigenvalues;  one  of  them  is  zero,  since 
the  determinant  is  zero.  Hence,  only  the  nonvanishing  eigen¬ 
value  gives  rise  to  a  state  of  nonzero  spectral  weight,  namely 
the  ground  state,  which  is  given  by 

sw=-[££-£c  +  2££(0)  +  2cc(n)-2fi]/ 

[< d  det(<u)/dai|(j].  (8) 

The  corresponding  eigenstate  can  be  written  as  t/r=cos  y>|G) 
+  sin  <p|£),  where  the  mixing  angle  tp  is  determined  via 

tan(2(p)  =  2XG£(fl)/[££+ X££(fl)~  £G— ZGG(fl)]. 

(9) 

The  angle  ip  adds  to  the  prediagonalization  angle  0,  i.e., 
tjr=cos(0+<p)||T>+sin(0+ip)|TI>,  so  that  now  m0=(sw/2 ) 


Xcos[2(0+^)]  and  <£^2)  =  (sw/4)sin{2(#+y)].  Our  nu¬ 
merical  results  for  the  third  approximation  are  shown  as  the 
solid  curves  in  Figs.  1(a)  and  2(b).  The  spectral  weight  (solid 
line)  and  the  angle  tp  are  displayed  in  Fig.  1(c). 

Note  that  almost  everywhere  i p  is  small  compared  to  6. 
This  means  that  the  prediagonalization  of  the  two-site  cluster 
already  contains  the  dominant  admixture  of  the  states  |Jf) 
mid  |t  1).  v  is  only  significant  in  the  neighborhood  of  K=J 
Similarly,  the  spectral  weight  of  the  third  approximation  does 
not  differ  significantly  from  that  of  the  second  approximation 
if  K  is  antiferromagnetic.  The  renormalization  is  only  impor¬ 
tant  for  ferromagnetic  K  Here  the  low  energy  of  the  |T±) 
states  for  K>0  competes  with  the  strength  of  the  mixing 
matrix  elements,  which  are  large  when  K  is  not  too  big.  This 
competition  is  most  clearly  seen  in  the  magnetization  m0, 
which  is  dramatically  suppressed  at  about  K“J  For  K>J, 
the  gTound  state  is  predominantly  the  triplet  state  with  zero 
spin  projection.  The  LSWA  (without  prediagonalizing,  the 
two-site  cluster)  is  based  on  the  Neel  state,  and  cannot  over¬ 
come  the  crossover,  leading,  in  this  way,  to  an  unphysical 
breakdown,5  which  is  the  consequence  of  an  artificial  infra¬ 
red  singularity. 

The  general  dependence  of  ma  on  K  for  K<  1  is  similar 
to  that  obtained  within  the  LSWA.5  m0  has  a  maximum  for 
slightly  antiferromagnetic  K  and  the  magnetization  for  the 
missing  link  is  larger  than  the  one  of  the  pure  antiferromag- 
net.  The  overall  magnetization  obtained  here  is  too  large, 
since  we  neglected  to  include  the  self-energy  for  the  \T±) 
states.  This  self-energy  (which  is  k  dependent)  has  the  effect 
of  reducing  the  energy  denominators  in  (6),  and  hence  to 
suppress  the  spectral  weight  in  Eq.  (8).  The  effect  of  the 
self-energy  of  the  |F± )  states  is  of  the  same  order  as  contri¬ 
butions  from  the  Hamiltonian  H2 ,  which  would  also  reduce 
m  locally,  and  hence  also  m0. 
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Magnetic  properties  of  a  new  amorphous  magnet 
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C.  Navas,  and  M.  M.  Turnbull 

Departments  of  Physics  and  Chemistry,  Clark  University,  Worcester,  Massachusetts  01610 

An  amorphous  phase  of  COjBTCA,(H20)4  has  been  prepared  (BTCA=  1 ,3,5-benzenctri- 
carboxylate).  The  static  properties  (dc  susceptibility,  hysteresis)  of  Co3BTCA2(H2OJ6  are  similar  to 
those  of  other  "glassy"  magnetic  systems,  but  the  dynamics  of  Co3BTCA2(H20)6  (absence  of  long 
relaxation  times,  disappearance  of  frequency  dependence  at  low  temperatures)  are  unusual.  The 
amorphous  phase  is  characterized  by  a  narrow  hysteresis  loop  at  low  temperature.  For  the  hysteresis 
curve  at  4.2  K,  the  coercive  field  is  several  hundred  Oersted  and  the  remnant  magnetization  is  on  the 
order  of  10"  2  Mm .  The  temperature  dependence  of  the  dc  magnetic  susceptibility  shows  an  unusual 
field  dependence  below  30  K,  with  the  largest  effective  moments  being  obtained  in  the  smallest 
applied  fields.  The  freezing  temperature,  Tf,  in  zero  field,  as  determined  by  both  dc  and  ac 
susceptibilities,  has  been  found  to  be  Tf=23  K.  The  ac  susceptibility  shows  the  characteristic  spin 
glass  frequency  dependence,  yet  loses  all  frequency  dependence  for  temperatures  below  9  K. 


I.  INTRODUCTION 

The  magnetic  behavior  of  disordered  systems  has  been 
widely  studied  during  the  past  two  decades.1  The  classical 
spin  glasses  (transition  metal  atoms  lightly  doped  into  a 
noble  metal  matrix,  such  as  iron  in  gold)  show  a  variety  of 
behaviors  which  are  now  generally  referred  to  as  “glassy.” 
These  include  the  existence  of  distinctly  different  remnant 
moments  for  samples  cooled  below  the  “freezing  tempera¬ 
ture,”  T/,  by  either  the  “field  cooled”  or  “zero-field  cooled” 
sequences.  Hysteresis  is  also  commonly  found  below  Tf,  as 
are  remnant  moments,  the  values  of  which  depend  on  the 
sequence  in  which  field  and  temperature  were  changed.  It  is 
also  characteristic  of  spin  glasses  that  the  magnetization 
changes  logarithmically  with  time  below  Tf.  These  long  re¬ 
laxation  times  manifest  themselves  in  ac  susceptibility  mea¬ 
surements,  which  characteristically  reveal  a  peak  or  a  cusp  at 
a  temperature  Tm„  which  is  typically  a  function  of  the  mea¬ 
suring  frequency.  This  set  of  glassy  behaviors  has  been 
shown2  to  arise  from  models  which  contain  both  randomness 
and  frustration,  i.e.,  the  inability  to  satisfy  all  magnetic  inter¬ 
actions  simultaneously.  In  the  classical  spin  glasses,  these 
two  conditions  are  the  consequence  of  randomly  placed  mo¬ 
ments  interacting  through  the  oscillatory  Ruderman-Kittel- 
Kasuya-Yosida  (RICKY)  interaction. 

The  above  set  of  magnetic  behaviors  is  not  unique  to 
spin  glasses.  Systems  in  which  the  exchange  is  uniform  but 
either  random  fields3  or  random  anisotropies4  are  also 
present  can  show  the  same  features.  Even  model  systems  of 
periodic  frustrated  lattices  can  show  the  same  pattern  of  be¬ 
havior  provided  some  disorder  is  introduced.  Recent 
experiments5  on  a  physical  representation  of  the  highly  frus¬ 
trated  Kagome  lattice  show  the  onset  of  glassy  behavior  at 
low  temperatures. 

The  present  work  grows  out  of  a  research  program  in  the 
development  of  new,  highly  frustrated  magnetic  systems. 
Ligands  are  selected  for  the  appropriate  symmetry  and  con¬ 
nectivity  to  provide  the  snperexchange  pathways  called  for 
by  the  Kagome  lattice.  One  such  ligand,  is  BTCA  (1,3,5- 
benzenetricaiboxylic  acid).  Initial  attempts6  to  prepare  the 
metal  salts  of  the  deprotonated  BTCA  trianion  from  aqueous 


solutions  showed  that  water  molecules  occupied  many  of  the 
coordination  sites  around  the  metal  ions,  preventing  the  for¬ 
mation  of  the  desired  lattice.  When  the  crystalline  cobalt 
analog  was  partially  dehydrated,  the  resulting  compound, 
Co3BTCA2(H20)6  was  amorphous.  This  paper  reports  on  the 
glassy  magnetic  properties  of  the  amorphous  phase. 

II.  EXPERIMENT 

The  amorphous  hexahydrate  phase  of  Co3BTCA2(H20)6 
was  obtained  by  an  azeotropic  dehydration  of  the  crystalline 
dodecahydrate  phase.  The  synthesis  of  the  previously  unre¬ 
ported  crystalline  dodecahydrate  phase  was  carried  out  by 
dissolving  cobalt  (II)  perchlorate  (2.764  g,  7.6  mmol)  in  20 
ml  of  water.  A  solution  consisting  of  BTCA  (1.065  g,  5 
mmol)  and  potassium  hydroxide  (0.95  g,  17  mmol),  which 
had  been  dissolved  in  26  ml  of  water,  was  added  to  the  metal 
solution.  A  pink  precipitate  formed  immediately.  The  solu¬ 
tion  was  filtered,  and  the  recovered  precipitate  was  air  dried 
and  washed  with  acetone.  This  precipitate  was  heated  in  re¬ 
fluxing  toluene  in  a  Dean-Stark  apparatus  for  18  h.  The 
resulting  material  was  a  deep  purple  powder  which  x-ray 
studies  showed  to  be  amorphous.  Elemental  analysis  indi¬ 
cates  the  presence  of  only  six  waters  in  this  phase. 

Magnetic  measurements  were  performed  on  a  vibrating 
sample  magnetometer  (VSM),  a  SQUID  magnetometer,  and 
an  alternating  current  susccptometer.  Magnetization  studies 
showed  the  moments  to  be  linear  with  the  field  up  10  000  Oe 
at  temperatures  as  low  as  4.2  K.  The  dc  susceptibilities  were 
obtained  by  dividing  the  measured  moments  by  the  applied 
magnetic  field.  Corrections  for  diamagnetism  were  made. 

IH.  RESULTS  AND  DISCUSSION 

The  product  of  the  molar  susceptibility  and  temperature, 
XmT,  is  plotted  as  a  function  of  temperature  in  Fig.  1.  Data 
were  collected  in  several  different  magnetic  fields,  ranging 
from  1  to  10  000  Oe.  The  measurements  were  made  by  cool¬ 
ing  the  sample  in  zero  magnetic  field  to  5.8  K,  turning  on  the 
applied  field,  and  measuring  the  moment  while  warming  the 
sample  to  100  K.  The  general  shape  of  the  curves  is  similar 
for  all  but  the  highest  magnetic  field.  An  upward  curvature  in 
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FIG.  1.  The  product  of  the  molar  susceptibility  and  temperature,  r,  is 
plotted  as  a  function  of  temperature  for  size  values  of  the  applied  field.  Data 
were  collected  upon  warming  alter  cooling  in  zero  field. 


the  XnJ  product  is  observed  in  the  neighborhood  of  35  K, 
indicating  the  existence  of  ferromagnetic  interactions.  The 
curves  reach  a  maximum  and  then  decrease  as  the  tempera¬ 
ture  is  lowered.  In  a  uniform,  nonfrustrated  lattice  this  de¬ 
crease  would  indicate  the  presence  of  antiferromagnetic  in¬ 
teractions.  It  is  interesting  to  note  that  as  the  magnetic  field  is 
decreased,  the  xmT  product  actually  increases,  with  the 
maximum  response  being  observed  in  the  smallest  applied 
fields.  In  the  highest  field,  10  000  Oe,  the  peak  is  no  longer 
visible.  Varying  the  magnetic  field  also  tends  to  shift  the 
temperature  at  which  the  maximum  in  XmJ  occurs.  Behavior 
of  this  type  is  rare,  but  has  also  been  observed7  in  the  two- 
dimensional  “triangles  within  triangles"  Kagome  lattice 
compound  Cu9X2(cpa)6. 

To  illustrate  the  history  dependent  behavior  of  the  sys¬ 
tem,  measurements  were  made  of  the  field  cooled  (FC)  and 
zero  field  cooled  (ZFC)  dc  susceptibilities.  The  ZFC  mea¬ 
surements  were  made  in  an  identical  manner  to  those  dis¬ 
cussed  above  while  for  the  field  cooled  measurements  the 
sample  was  cooled  in  an  applied  field  and  the  moment  mea¬ 
sured  as  the  sample  was  rewarmed  in  the  same  field.  Again, 
data  was  collected  in  various  applied  fields.  SQUID  data 
taken  in  a  field  of  1  Oe  is  shown  in  Fig.  2.  The  freezing 
transition  temperature  Tf  is  taken  as  the  temperature  at  which 
the  FC  and  ZFC  curves  separate;  in  a  field  of  1  Oe,  T /=23 
K.  For  larger  fields  it  was  observed  that  T f  drops  rapidly;  for 
example,  when  W=300  Oe,  7^=12  K.  As  was  true  for  all 
applied  fields,  the  FC  susceptibility  did  not  exhibit  a 
maxima,  but  instead  continued  to  increase  as  the  temperature 
was  lowered.  This  is  in  contrast  to  the  ZFC  susceptibility 
which  always  showed  field  dependent  maxima. 

Hysteresis  has  also  been  observed  at  low  temperature.  A 
hysteresis  curve  obtained  at  4.6  K  showed  a  coercive  field  of 
700  Oe  and  a  remnant  magnetization  of  about  500  cgs  G / 
mol. 

Figure  3  shows  the  thermoremnant  magnetization,  TRM, 
and  iaothennoremnant  magnetization,  IRM,  at  5.8  K  for  ap- 
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FIG.  2.  Reid  cooled  and  zero  field  cooled  dc  susceptibilities  for 
Co3BTCA2(H20)a  in  an  applied  field  of  1  Oe. 


plied  l  _  from  0  to  10  000  Oe.  The  TRM  was 

obtained  i  ig  the  sample  in  an  applied  field  from  a 
temperature  well  above  to  the  measurement  temperature. 
The  field  was  then  turned  off  and,  after  the  moment  had 
decayed  rapidly  to  its  equilibrium  value,  its  value  was  re¬ 
corded.  Between  measure-rents,  the  sample  was  wanned  to 
more  than  50  K  and  the  pictess  was  ref  •tied  at  each  differ¬ 
ent  measuring  field.  The  IRM  -as  rrh  -ured  b;.  cou'.ng  the 
sample  to  5.8  K  in  a  zero  fir  j,  turning  t  ie  nelJ  on  and 
allowing  the  sample  to  come  into  equiliLj.un  then  r  .ruing 
the  field  off  and  recording  the  remnant  moment.  TiV  .Siapes 
of  the  TRM  and  IRM  curves  (Fig.  3)  are  typical  to  those 
found  in  other  spin  glasses,8  but  the  magnitude  of  Hm  is 
large.  While  the  TRM  and  IRM  curves  for  CoTAC.Mn 
converge8  for  fields  in  excess  of  70  Oe,  the  IRM  a ftd  TRM 
curves  for  Co3BTCA2(H20)6  approach  one  another  only  for 
a  saturation  field  somewhat  larger  than  10  kOe. 


H  (O.) 

FIG.  3.  The  remnant  magnetizations  (TRM  and  IRM)  for  Cc.RTX  A.i'H.Oi, 
as  determined  at  3.8  K.  The  slight  negative  moments  obtained  in  small 
applied  fields  are  reproducible 
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FIG.  4.  Complex  ac  susceptibilities  of  Co,BTCAjiH.O).  as  a  function  of 
temperature  foe  five  different  frequencies  between  110  Hz  and  10  kHz.  The 
upper  set  of  data  points  correspond  to  the  in-phase  susceptibilities,  X  ‘  while 
the  lower  set  corresponds  to  the  out-of-phase  susceptibilities,  V.  The  solid 
lines  are  guides  to  the  eye  only. 


While  the  curves  in  Fig.  3  display  qualitative  behavior 
typical  of  a  spin  glass,  the  equilibrium  times  of 
Co3BTCA2(H20)6  are  decidedly  abnormal.  Standard  spin 
glass  materials  possess  extremely  long  relaxation  times  (on 
the  order  of  hours  or  days)  when  below  Tf.  However,  the 
relaxation  times  for  Co3BTCA2(H20)6  were  no  longer  than 
the  instrumental  time  constant  (several  minutes)  when  work¬ 
ing  at  5.8  K,  a  temperature  well  below  the  transition  tem¬ 
perature  for  this  compound.  This  absence  of  long  equilibrium 
times  below  Tf  is  one  of  the  most  notable  features  of  this 
compound. 

Although  the  absence  of  long  relaxation  times  is  atypical 
spin  glass  behavior,  the  ac  frequency  dependence  is  similar 
to  that  found  for  other  spin  glass  systems.  The  complex  ac 
susceptibility  of  C03BTCA2(H2O)6  has  been  determined  in  a 
1  G  ac  field  and  a  zero  dc  field  over  a  range  of  frequency 
from  5  Hz  to  10  kHz.  In  Fig.  4,  both  the  in-phase  (%')  and 
out-of-phase  (V)  susceptibilities  are  shown  as  a  function  of 
temperature.  The  onset  of  frequency  dependent  behavior  oc¬ 
curs  slightly  below  25  K,  nearly  the  same  as  the  value  for 
77=23  K  as  determined  by  the  FC  and  ZFC  dc  susceptibili¬ 
ties  (Fig.  2).  As  the  temperature  is  lowered,  the  in-phase 
susceptibility  reaches  the  frequency  dependent  maximum 
typical  of  spin  glasses.  As  the  frequency  is  lowered,  the  mag¬ 
nitude  of  the  susceptibility  at  the  maximum  increases,  while 
the  temperature  at  which  it  occurs  decreases.  The  out-of¬ 
phase  susceptibilities  are  vanishingly  small  above  25  K  but 
grow  in  magnitude  below  Tf,  reaching  a  broad  maximum 
before  vanishing  at  still  lower  temperatures.  The  maxima  of 
both  x'  and  V  do  not  occur  at  the  same  temperature;  rather 
the  maximum  in  V  occurs  at  the  same  temperature  where 
occurs  an  inflection  point  in  the  temperature  dependence 
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It  should  be  noted  that  the  susceptibility  of 
Co3BTCA2(H20)t  is  much  more  rounded  and  displays  less 
of  a  cusp  than  many  typical  spin  glasses’  It  is  also  interest¬ 
ing  to  note  the  behavior  as  the  temperature  is  lowered  well 
below  Tf.  As  noted  above,  the  V  susceptibilities  vanish 
while  the  in-phase  susceptibilities  go  through  a  minimum 
before  increasing  again  in  a  frequency  independent  manner. 
This  absence  of  frequency  dependence  at  low  temperatures  is 
a  second  notable  feature  of  this  compound. 

In  summary,  the  static  properties  (dc  susceptibility,  hys¬ 
teresis)  of  Co3BTCA2(H2)06  are  similar  to  those  of  other 
glassy  magnetic  systems  but  the  dynamics  of 
Co3BTCA2(H20)6  (absence  of  long  relaxation  times,  disap¬ 
pearance  of  frequency  dependence  at  low  temperatures)  are 
unusual.  The  ultimate  explanation  for  this  set  of  behavior 
must  surely  lie  in  the  preparation  and  structure  of  the  com¬ 
pound.  We  recall  that  the  ligand  binding  the  metals,  BTCA, 
has  the  coned  structure  to  bind  the  metal  ions  into  the  highly 
frustrated  Kagome  lattice.  This  is  certainly  one  origin  of  the 
observed  frustration.  However,  it  has  been  learned 
previously6  that  the  BTCA  ligands  can  bind  to  metal  ions  in 
several  different  ways  (chelating,  monodentate,  bridging), 
each  of  which  yields  a  different  exchange  constant.  If  BTCA 
is  coordinated  to  the  cobalt  ions  in  several  different  ways  in 
the  amorphous  phase,  there  will  be  some  random  exchange 
present  as  well.  In  addition,  the  metal  ion  involved  is  the 
highly  anisotropic  Co24  ion,  in  which  a  large  amount  of 
unquenched  orbital  angular  moment  is  tied  to  the  lattice 
through  spin-orbit  coupling.  Since  the  material  is  amor¬ 
phous,  the  local  easy  axes  of  the  metal  ions  are  randomly 
oriented,  creating  a  situation  in  which  random  anisotropy  is 
also  present.  The  amorphous  phase  of  Co3BTCA2(H20)6 
therefore  represents  an  extremely  disordered  magnetic  sys¬ 
tem. 
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Thn  Influence  of  heat  treatments  on  order-disorder  phenomena 
In  a  naturally  occurring  manganese-ferrite 

Ctterie  R.  Btuncson  and  B.  J.  Evans 

University  of  Michigan,  Department  of  Chemistry,  Ann  Arbor,  Michigan  48109-1055 

Naturally  occurring  samples  of  iwakiite,  Mn,  jFe,  904,  have  been  annealed  for  17  and  77  h  at  1000 
K  in  an  investigation  of  order-disorder  phenomena  in  Mn-Fe  oxide  spinels.  Two  distinct  magnetic 
hyperfine  patterns,  which  correspond  to  Fe-  and  Mn-rich  phases,  were  observed  in  the  s,Fe 
Mossbauer  spectra  for  the  two  annealed  samples.  While  the  spectrum  of  the  Fe-rich  phase 
corresponds  to  a  magnetically  and  crystallographically  highly  ordered  o-Fe203-like  phase,  the 
Mn-rich  phase  exhibits  considerable  disorder,  as  indicated  by  very  broad  line  widths  and  a  low  value 
for  Hgu .  Annealing  for  longer  periods  of  times  leads  to  a  considerable  increase  in  the  ordering  of  the 
Mn-rich  spinel  phase,  as  evidenced  by  the  considerable  narrowing  of  the  lines,  from  T=2.40 
mm  s'1  to  r=1.17  mm  s'1,  and  an  increase  in  HtB  from  318  to  417  kOe  at  298  K.  The  Fe-rich, 
o-FejOj-like  phase  is  not  affected  by  further  annealing,  as  expected.  At  85  K,  the  s7Fe  Mossbauer 
spectrum  of  the  Mn-rich,  spinel  phase  continues  to  exhibit  rather  broad  lines,  indicating  the  presence 
of  significant  cation  disorder. 


I.  INTRODUCTION 

The  Mn(Fe3_J04  system  continues  to  present  challenges 
concerning  structure-property  relationships,  cation  distribu¬ 
tions,  oxidation  states,  crystallographic  order-disorder,  and 
the  electric  and  magnetic  properties  of  oxide  spinels  exh;b- 
iting  both  variable  cation  distributions  and  mixed  valence 
states.1'4 

Previous  investigations  of  an  iwakiite  sample  with  the 
composition,  Mn17Fe1304,4  a  naturally  occurring  mineral  in 
the  Mn304-Fe304  solid  solution  series,  have  demonstrated 
the  existence  of  an  unusually  high  degree  of  long-range  or¬ 
der,  as  evidenced  by  a  tetragonal  distortion  at  a  manganese 
content  well  below  the  limiting  concentration  observed  in 
synthetic  samples.  In  addition,  results  of  57Fe  Mossbauer 
spectroscopic  measurements  on  this  sample  at  92  K  in  an 
applied  field  of  30  kG  have  shown  that  Fe3  *  occupies  exclu¬ 
sively  the  octahedral  sites.5  The  occurrence  of  Mn3*  cluster¬ 
ing  and  the  resulting  Mn-rich  and  Mn-poor  (or  Fe-rich)  re¬ 
gions,  have  been  suggested,  on  the  basis  of  the  observation 
of  two  Fe3+  species  on  a  single  magnetic  sublattice.  It  was 
proposed  that  the  two  Fe3+  species  correspond  to  those  oc¬ 
cupying  Mn-rich  and  Mn-poor  (or  Fe-rich)  regions  of  the 
crystal.3 

Further  confirmation  and  delineation  of  the  characteris¬ 
tics  of  the  clustering  suggested  above  has  been  sought  in  the 
study  reported  here  by  investigating  the  thermal  stability  of 


TABLE  I.  17 Fe  hyperfine  perimeters  it  298  K  for  iwakiite  simples. 
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Sample 

Subpatten] 

(kOe) 

(mm  8“’) 

(mms-1) 

(nuns  *) 

<%) 

Iwakiite 

388 

-0.007 

0.392 

0.920 

100 

Unannealed 
Annealed  17  b 

Fe  rich 

500 

-0.109 

0.390 

0.458 

38 

Annealed  17  h 

Mn  rich 

318 

-0.020 

0.347 

2.400 

62 

Annealed  77  b 

Fe  rich 

513 

-0.104 

0.373 

0.343 

30 

Annealed  77  h 

Mn  rich 

417 

-0.009 

0.383 

1.17 

70 

the  naturally  equilibrated  iwakiite  and  monitoring  the  local 
and  long-range  crystal/chemical  structures  as  a  function  of 
laboratory-based  heat  treatments.  It  is  expected  that  the  de¬ 
gree  of  order  observed  in  iwakiite  does  not  correspond  to 
thermodynamically  stable  structures  at  temperatures  at  which 
ionic  motion  is  observable  on  laboratory  time  scales,  and  that 
mild  heat  treatments  will  bring  about  significant  changes  in 
both  the  local  and  long-range  crystal/chemical  structures. 

II.  EXPERIMENT 

Pure  iwakiite  samples  from  the  Gozaisho  Mine,  lwaki 
City,  Japan,  were  prepared  by  pulverizing  whole-rock,  hand 
specimens  and  grinding  them  with  an  agate  mortar  and  pestle 
to  a  fine  powder  that  passed  a  400  mesh  standard  sieve. 
Iwakiite  was  isolated  from  the  associated  minerals  by  sus¬ 
pending  the  powder  in  organic  liquids  and  separating  the 
iwakiite  by  means  of  a  manually  manipulated  rare-earth  per¬ 
manent  magnet.  This  process  was  repeated  until  a  pure  spinel 
phase  was  obtained,  as  determined  by  x-ray  diffractometry. 

The  chemical  composition  of  the  separated  sample  was 
determined  by  means  of  electron  microprobe  analysis. 

The  iwakiite  sample  was  separated  into  two  fractions; 
one  fraction  was  annealed  in  an  evacuated  quartz  ampoule 
for  17  b  at  1000  K,  and  the  remaining  fraction  was  annealed 
under  the  same  conditions  for  77  h.  Both  samples  were 
cooled  rapidly  to  298  K  following  the  heat  treatments. 


TABLE  Q-  '  Ff  byperfiac  parameters  at  85  K  for  iwakiite  samples. 


Hat 

ACo 

9 

r 

Area 

Sample 

Snbpattem 

(kOe) 

(nor1) 

lmms->) 

(mm  s') 

w 

Iwakiite 

Annealed  17  b 

503 

0.011 

0.500 

0.623 

100 

Fe  rich 

525 

-0.097 

0.486 

0.449 

41 

Annealed  17  b 

Mn  rich' 

496 

-0.003 

0.492 

0.817 

59 

Annealed  77  h 

Fe  rich 

579 

-0.050 

0.460 

0.384 

24 

Annealed  77  h 

Mn  rich 

500 

-0.005 

0.476 

0.731 

76 

Isomer  skids  are  relative  to  Fe  metal.  tamer  skrfta  are  relative  to  Fe  aietaj. 
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FIG.  1.  ^Fc  Mdssbauer  spectra  (298  K)  of  (•)  unannealed  iwakiite,  (b) 
iwakiite  annealed  for  17  h  at  1000  K,  (c)  rwakiite  annealed  for  77  b  a!  1000 
K  Fe-ricb  and  Mn-rich  regions  are  represented  by  1  and  2,  respectively. 


5,Fe  Mdssbauer  spectra  were  obtained  in  a  transmission 
geometry  using  a  512  channel,  microcomputer-configured 
multichannel  scaler  and  a  constant  acceleration  electrome¬ 
chanical  drive.  Spectra  were  obtained  with  the  absorber  at 
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FIG.  2.  57Fe  Mdssbauer  spectra  (85  K)  of  (a)  unannealed  iwakiite.  (b)  iwaki¬ 
ite  annealed  for  17  b  at  1000  K,  (c)  iwakiite  annealed  for  77  b  at  1000  K 
Fe-ricb  and  Mn-ricb  regions  are  represented  by  1  and  2,  respectively 


298  and  85  K  in  a  vacuum  cryostat.  (See  Tables  1  and  II.) 
The  source  was  always  maintained  at  298  K.  The  spectra 
were  analyzed  by  means  of  a  previously  described  least- 
mean-squares  fitting  procedure.6  The  filled  dots  in  the  spectra 


are  the  experimental  uata  and  the  solid  lines  are  the  results  of 
the  fitting  procedure. 

m.  RESULTS  AND  DISCUSSION 

The  chemical  composition  of  the  iwakiite  sample  used  in 
this  investigation  was  found  to  be  Mn,  ,Fel  904.  The  manga¬ 
nese  content  is  considerably  lower  than  that  of  the  previously 
studied  sample,  which  had  the  composition  Mn,  7Fe,j04. 

The  57Fe  Mossbauer  spectrum  at  298  K  for  the  unan¬ 
nealed  sample  shown  in  Fig.  1  was  fitted  to  one  six  line 
pattern  corresponding  to  a  magnetic  hyperfinc  field,  Hca,  of 
388  IcOe.  The  samples  annealed  for  17  and  77  h  were  fitted 
to  two  six  line  patterns,  where  subpattem  1  with  WrtI=500 
kOe  in  Fig.  1(b),  would  be  derived  from  the  Fe-rich  regions 
of  the  untreated  iwakiite  and  subpattem  2,  with  //efl=318 
kOe,  results  from  the  Mn-rich  regions  of  the  untreated  iwaki¬ 
ite.  The  parameters  corresponding  to  these  fits  are  given  in 
Tables  I  and  II. 

The  spectrum  in  Fig.  1(b),  representing  the  sample  an¬ 
nealed  for  17  h  can  be  understood  as  consisting  of  two  com¬ 
ponents:  subpattem  2,  which  is  attributed  to  a  poorly  crystal¬ 
line  Mn-rich  phase,  as  indicated  by  the  large  linewidths, 
r= 2.40  nuns-1,  which  has  undergone  phase  separation 
from  the  unannealcd  iwakiite,  and  subpattem  1,  which  would 
correspond  to  a  Fe-rich  phase.  From  both  the  x-ray  diffrac¬ 
tion  data  and  the  57Fe  Mossbauer  parameters,  it  is  clear  that 
the  phase  giving  rise  to  subpaUem  1  is  hematite,  a-Fe203 . 
Upon  further  heating,  as  in  the  case  of  the  77  h  anneal,  there 
is  considerable  recrystallization  and  growth  of  the  Mn-rich 
phase,  giving  rise  to  well-defined,  long-range  crystal/ 
chemical  structures  characteristic  of  the  spinel  structure. 
Clear  evidence  is  provided  for  this  by  the  remarkable  de¬ 
crease  in  the  linewidths  of  subpattem  2  and  the  increase  in 
the  magnitude  of  i:cn  from  318  to  417  kOe  (cf.  Table  I).  The 
width  of  the  (404)  line  in  the  x-ray  powder  diffraction  pat¬ 
terns  undergoes  a  remarkable  narrowing,  in  support  of  a  de¬ 
crease  in  the  crystallographic  disorder  following  the  77  h 
anneal  at  1000  K. 

Spectra  of  the  iwakiite  samples  at  85  K  exhibit  similar 
trends  to  those  obtained  at  298  K,  with  the  linewidths  of 
subpattem  2,  representing  the  Mn-rich  phase,  being  broader 
for  the  sample  annealed  for  17  h  than  for  the  sample  an¬ 
nealed  for  77  h  (cf.  Table  II). 

A  somewhat  similar  behavior  has  been  observed  for 
naturally  occurring  jacobsite,  MnFe204,  samples  following 


heat  treatments  between  67S  and  1175  K.7  The  findings  of 
this  investigation  are  quite  similar  to  those  repented  for 
jacobsite,7  inasmuch  as  there  is  a  facile  separation  erf  a  highly 
ordered  hematite-like  phase.  The  phase-separated  spinel 
phase  in  the  annealed  jacobsite  exhibits  considerably  less 
crystallinity  and  magnetic  order  than  observed  in  the  case  of 
annealed  iwakiites.  We  believe  this  difference  is  due  to  the 
greater  degree  of  clustering  in  the  iwakiite  samples  than  in 
the  jacobsites;  there  was  no  evidence  for  clustering  in  the 
unannealed  jacobsites.7 

IV.  CONCLUSION 

Evidence  for  cation  clustering  and  the  occurrence  of  Mn- 
rich  and  Mn-poor  regions  in  naturally  occurring 
Mn1FC}-,04  phases  exhibiting  high  degrees  of  thermal 
equilibration  has  been  provided  by  the  ease  with  which  such 
specimens  undergo  facile  phase  separations  at  temperatures 
well  below  those  required  for  traditional  solid  state  reactions. 
It  is  remarkable  that  the  phase-separated,  Fe-rich, 
a-Fe203-like  phase  is  well  ordered,  even  for  short  periods  of 
thermal  annealing;  long-range  order  is  well  established  for 
both  the  crystal  and  magnetic  structures,  as  indicated  by  the 
close  agreement  between  the  hyperfine  parameters  of  this 
pattern  at  298  K  and  those  for  a  pure  hematite.  By  way  of 
contrast,  the  Mn-rich  spinel  phase  exhibits  considerable  cat¬ 
ion  disorder,  even  for  very  long  annealing  periods,  and,  as  a 
consequence,  has  values  of  H^,  that  are  much  lower  than 
those  seen  in  synthetic  MnFe2D4.  The  persistence  of  this 
disorder  is  due,  most  likely,  to  insufficient  thermal  energy 
and  or  time  for  the  Mn  and  Fe  ions  to  achieve  a  narrow  range 
of  local  cation  configurations.  The  relative  magnitude  of  the 
magnetic  hyperfine  fields  are  consistent  with  this  interpreta¬ 
tion. 
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Remanent  magnetization  In  the  diluted  lalng  antiferromagnet  Feo.eZno.4F2 
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Department  of  Technology,  Uppsala  University,  Box  534,  S-751  21  Uppsala,  Sweden 

The  field,  5  T,  and  temperature,  T» 2  K,  dependence  of  the  remanent  magnetization  p  of  the 
diluted  Ising  antiferromagnet  Fe06Zn04F2  has  been  investigated  utilizing  a  superconducting 
quantum  interference  device  magnetometer.  The  results  at  low  temperatures,  where  there  is  no 
growth  of  random  field  domains  after  the  field  removal,  are  analyzed  according  to 
p=AHJ(T  iai/t0)~*+B,  where  the  two  terms  are  domain  wall  and  volume  contributions  to  the 
remanent  magnetization,  respectively.  It  is  found  that  'F  decreases  continuously  with  decreasing 
temperature,  and  reaches  a  value  of  ~0. 15  at  3  K.  The  field  exponent  x  is  found  to  decrease  with 
increasing  temperature,  attaining  values  between  2  and  3.  The  results  show  a  more  complex 
behavior  of  the  low-temperature  remanent  magnetization  than  a  model  proposed  by  Nattermann  and 
Vilfan  which  predicts  constant  values  of  the  exponents:  'F»“0.4  and  x“»2. 


When  a  dilute  king  antiferromagnet  is  cooled  in  a  mag¬ 
netic  field  a  metastable  domain  state  is  reached,  even  though 
the  ground  state  in  3d  systems  has  long-range  antiferromag¬ 
netic  order.'  The  domain  formation  is  caused  by  pinning  due 
to  random  fields  (RF).  At  low  temperatures  these  domains 
are  very  stable  and  it  has  been  shown  by  neutron  scattering 
that  if  the  field  is  switched  off  at  a  low  enough  temperature 
the  typical  domain  size  remains  virtually  constant.2  This  ob¬ 
servation  indicates  that  the  domain  walls  are  effectively 
pinned  by  the  vacancies  on  large  length  scales  (in  zero  field 
there  is  no  RF  pinning)  and  that  the  only  observable  dynam¬ 
ics  at  low  temperature  arises  from  rearrangements  of  the  do¬ 
main  walk  on  a  local  scale.  Nattermann  and  Vilfan  (NV) 
have  developed  a  model  for  the  relaxation  of  the  remanent 
magnetization,  p,  based  on  scaling  arguments  and  the  above 
physical  picture.3  The  NV  model,  expected  to  be  valid  at  low 
temperature  and  low  fields,  yields 

p(H,T)*AH2(T  In  /t0)~*+ pv(H,T),  (1) 

where  A  is  a  constant,  H  is  the  field  in  which  the  sample  is 
cooled,  r0  the  microscopic  spin  flip  time  (~10"‘2  s),  and  'F 
is  an  exponent  that  should  attain  a  value  -»0.4  for  a  3d  di¬ 
luted  king  antiferromagnet.  The  first  term  in  Eq.  (1)  repre¬ 
sents  the  magnetization  stored  in  the  domain  walk  p^,  which 
decays  through  wall  adjustments  on  a  local  scale.  The  second 
term  p^  is  a  volume  contribution  to  the  magnetization,  which 
originates  from  a  statistical  imbalance  of  up  and  down  spins 
within  the  domains. 

During  the  last  several  years  properties  of  the  remanent 
magnetization  of  the  diluted  antiferromagnets  Fe0  7Mgo.3Cl2 
(Refs.  4  and  5)  and  Fe047Zn0  53F2  (Refs.  6  and  7)  have  been 
reported.  When  Eq.  (1)  has  been  used  to  analyze  the  decay  of 
p,*1  a  systematic  decrease  of  'F  with  decreasing  tempera¬ 
tures  has  been  observed  and  only  at  the  lowest  temperatures 
measured,  a  value  0.4  has  been  extracted.5-7  Thus,  the 
applicability  of  the  NV  model  to  these  systems  is  not  evi¬ 
dent. 

In  this  paper  we  present  results  on  the  field  and  tempera¬ 
ture  dependence  of  the  remanent  magnetization  in 

Fe06Zn04E2  and  the  applicability  of  the  NV  model  is  tested. 
Previous  studies  of  the  remanent  magnetization  of 


Fe,Zn,  ,  F.  have  been  time-dependent  relaxation  measure¬ 
ments.  In  this  study  the  remanent  magnetization  is  measured 
as  a  function  of  temperature  at  constant  observation  time. 

A  single  crystal  of  Fe^Zt^  4F2  was  investigated  utilizing 
a  commercial  superconducting  quantum  interference  device 
(SQUID)  magnetometer.  The  sample  was  mounted  with  the  c 
axis  parallel  to  the  applied  field.  From  the  maximum  in  dMt 
dT  in  low-field  zero-field-cooled  magnetization  measure¬ 
ments  the  Neel  temperature  TN  was  estimated  to  46.4  K. 

The  remanent  magnetization  measurements  were  con¬ 
ducted  by  cooling  the  sample  in  a  magnetic  field.  He 5  T,  to 
T=  2  K.  At  this  temperature  the  field  was  switched  off  and 
the  remanent  magnetization  was  measured  as  a  function  of 
increasing  temperature  in  steps  of  0.2  K  for  2e7‘«6,  0.5  K 
for  6<T«10  and  1  K  for  10<Te60  K.  The  heating  rate  was 
—0.3  K/min  in  the  whole  temperature  range.  This  procedure 
yields  the  remanent  magnetization  as  a  function  of  tempera¬ 
ture  at  a  constant  observation  time  [cf.  Eq.  (I)].8 

In  Fig.  1,  p  is  plotted  as  a  function  of  temperature  after 
cooling  in  H  =  l,  2,  2.5,  3,  3.5,  4,  4.5,  and  5  T.  For  fields 
0.001  SH si  T  the  remanent  magnetization  is  virtually  field 
independent9  and  its  temperature  dependence  looks  similar  to 
the  temperature  dependence  of  an  order  parameter.  This  is 


FIG.  1.  Remanent  magnetization  p  vs  temperature  T  at  fields  H=\,  2,  2.5, 
3,  3.5,  4,  4.5,  5  T. 
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FIG.  2.  (a)  log/**  vs  log  T  at  fields  //  =  3,  3.5,  4,  4.5,  5  T.  (b) 
V=d  log (njd  log(7)  vs  temperature  for  fields  H= 3,  3.5,  4,  4.5,  5  T.  The 
filled  dots  are  data  from  Ref.  6  on  Fcq  47Z1V,  5JF2  • 


typical  for  a  volume  contribution  to  the  remanent  magneti¬ 
zation.  For  higher  fields  a  second  field-dependent  contribu¬ 
tion  to  the  remanent  magnetization  appears  which  has  a  strik¬ 
ingly  different  temperature  dependence.  This  contribution  is 
attributed  to  the  excess  magnetization  in  the  domain  walls 
and  for  W»3  T  it  is  clearly  dominant  at  low  temperatures. 

In  Fig.  2(a),  log  is  plotted  versus  log  T  for  H- 3,  3.5, 
4,  4.5,  and  5  T.  /z*  has  here  been  determined  by  subtracting 
a  small  susceptibility  contribution  due  to  the  remanence  in 
the  superconducting  magnet  (<  1  mT)  and  an  estimated  value 
of  m,,  from  the  measured  /z.  ^  cannot  be  determined  sepa¬ 
rately  but  was  taken  as  the  constant  remanent  magnetization 
observed  for  Hsl  T. 

In  Fig.  2(b),  ¥=<f  log (ixjlld  log(F)  is  plotted  versus 
temperature  for  H =3,  3.5,  4,  4.5,  and  5  T.  It  is  seen  that  ¥ 
decreases  with  decreasing  temperature  and  that  it  reaches  a 
value  of  ”“0.15  at  T =3  K,  A  value  ¥=50.15  is  to  low  to  be 
accounted  for  by  the  NV  model.  We  note  that  Eq.  (1)  cannot 
hold  as  T  — *0  K  with  ¥>0,  since  the  remanent  magnetiza¬ 
tion  cannot  diverge.  In  the  figure  we  have  included  data  from 
Han  era/.6  extracted  from  time-dependent  relaxation  mea¬ 
surements  of  the  remanent  magnetization  in  Fe0  47Zn0j3F2. 
The  general  behavior  of  the  ¥  reported  by  Han  et  aL  is  simi¬ 
lar  to  our  results.  The  shift  in  temperature  with  respect  to  our 
data  may  be  attributed  to  the  difference  in  concentration  be¬ 
tween  the  samples. 
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FIG.  3.  (a)  Remanent  magnetization  n  vs  H2  for  7=2,  6,  12.  IK,  24  K. 
(b)  Remanent  magnetization  /a  vs  H*  for  7=2,  6,  12.  18,  24  K. 


At  low  temperatures,  ^  is  virtually  temperature  inde¬ 
pendent  and  it  has  been  claimed  from  experimentslu  that  the 
field  dependent  part  of  yq,  is  negligible  in  a  field  and  tem¬ 
perature  interval  similar  to  ours.  However,  even  if  ^  is 
treated  as  a  free  parameter  in  our  analysis  it  is  not  possible  to 
find  a  temperature  interval  where  ¥  becomes  a  constant  as 
proposed  in  the  NV  model. 

We  now  turn  to  the  field  dependence  of  the  remanent 
magnetization.  If  the  domain  walls  are  nonfractal  on  longer 
length  scales,  the  proportion  of  domain  walls  in  the  sample  is 
proportional  to  R  ~  *,  where  R  is  the  typical  size  of  a  domain. 
Assuming  that  the  magnetization  of  a  domain  wall  is  inde¬ 
pendent  of  the  cooling  field,  is  also  proportional  to  R  ~ 1 . 
Since  R<*H~  "H  with  v„=2,  is  predicted  for  the  ta.  dom  field 
Ising  model  one  therefore  expects:  /z^*//2,  at  low  tempera¬ 
tures  where  the  domain  size  does  not  change  with  tempera¬ 
ture.  This  is  also  the  field  dependence  in  the  NV  model. 

We  have  analyzed  our  data  according  to 

(2) 

where  x  is  an  effective  exponent  which  may  vary  with  tem¬ 
perature.  In  Fig.  3(a),  ft  is  plotted  versus  H2  and  in  Fig.  3(b), 
H  is  plotted  versus  f/3  for  T—  2,  6,  12,  18,  and  24  K.  At 
T=2  K,  the  data  are  well  described  by  Eq.  (2)  with  x  =  3  At 
24  K,  the  data  are  well  described  by  x  =  2.  At  intermediate 
temperatures  there  is  a  gradual  change  of  curvature.  Neutron 
scattering  studies  of  Fe06Zn0  4F2  (Ref.  2)  have  shown  that  the 
domain  size  does  not  change  when  the  field  is  removed  at 
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T<Tn/2{~23  K).  The  change  in  curvature  of  (UH),  or 
equivalently  a  change  in  the  effective  exponent  x,  at  tem¬ 
peratures  without  any  domain  growth  is  surprising. 

For  a  comparison  we  have  measured  the  temperature  de¬ 
pendence  of  \M(H)  =  M fc(H)- M where  Mlc  is  the 
Feld  cooled  magnetization  and  M{/c  is  the  zero-field-cooled 
magnetization.  At  all  temperatures  T=s24  K,  &M(H)  was 
found  to  be  well  described  by  AA#*ff3,"  the  exponent  x  is 
constant  and  has  a  value  similar  to  the  value  found  for  fi(H) 
at  r=  2  K. 

We  conclude  that  for  ffs5  T  the  NV  model  is  not  a 
good  description  of  the  low-temperature  remanent  magneti¬ 
zation  in  Fe0  6Zno  4F2.  The  results  show  a  more  complicated 
behavior  of  the  remanent  magnetization.  When  analyzed  ac¬ 
cording  to  the  functional  form  pt(H,T)=AH,(T\nt)* 
+/xu(H,T)  both  'F  and  x  turn  out  to  be  temperature  depen¬ 
dent  even  at  low  temperatures  where  the  domain  size  is  con¬ 
stant. 

Financial  support  from  the  Swedish  Natural  Science  Re¬ 
search  Council  (NFR)  is  gratefully  acknowledged. 


1  for  a  recent  review  of  diluted  lung  anitfemxnagncts,  see  c.g.,  D  P  Be- 
1  anger  ami  A.  P.  Young,  J.  Magn.  Magn  Mater.  188,  272  (1991). 

:D.  P  Belanger,  A.  R  King,  and  V.  Jaccanno,  Solid  Slate  Commute  54,  79 
(1985). 

JT  Naflennann  and  1  Viltan,  Phys.  Rev.  Lett.  41,  223  t!988). 

4U.  A-  Lettao.  W.  Kleemann,  and  i.  B.  Ferreira,  Phys.  Rev.  B  38.  4785 
(1988). 

5U.  A.  Leitao,  W.  Kleemann,  and  1.  B-  Ferreira,  J.  Phys.  (Paris)  Culloq  49. 
C8-1217  (1988). 

6S-J.  Han,  D.  P.  Belanger,  W.  Kleemann,  and  U-  Nowak,  Phys  Rev  B  45. 
9728  (1992). 

7J.  Kushauer,  W.  Kleemann,  j.  Mattsson,  and  P.  Nordblad,  Phys.  Rev  B  (in 
press). 

8 The  equivalence  between  this  experimental  p.occdure  and  a  procedure 
where  the  field  is  switched  off  at  the  measurement  temperature  and  (be 
data  are  taken  after  a  specific  time  has  been  experimentally  vended  in  Ref. 
4. 

4  A  similar  virtually  field  independent  remanent  magnetization  at  low  fields 
has  earlier  been  found  in  Fe„  ^Zn©  5JF2 .  Ref.  7  and  in  Fe©  7Mg©jCl2 . 
Nordblad  (unpublished) 

10  P.  Poliak,  W.  Kleemann.  and  D-  P-  Belanger.  Phys.  Rev  B  38.  4773 
(1988). 

"An  exponent  of  3.2^03  was  found  for  Fe©  4toZn©  viF>;  M.  Lcdeman.  J.  V. 
Sciinger,  R.  Bruinsma,  R.  Ortoach,  and  J.  Hamm  aim,  Phys.  Rev.  B  48. 
3810  (1993). 
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Freezing  transition  in  the  Z3  gauge  glass 

Ronald  Fisch 

Department  of  Physics,  Washington  University,  St.  Louis,  Missouri  6 3130 

A  Monte  Carlo  algorithm  has  been  used  to  study  the  Z3  gauge  glass  model  on  simple  cubic  lattices. 
The  glass  transition  temperature,  Tg ,  for  this  model  is  0.760r  0.01U7.  There  is  an  anomaly  in  the 
temperature  derivative  of  the  specific  heat  at  Tg  .  The  freezing  transition  appears  to  be  describable 
by  a  picture  in  which  localized  “nuggets"  organize  themselves  into  a  state  of  long-range  order, 
leading  to  an  extended  state  of  the  inverse  susceptibility  matrix  with  eigenvalue  zero.  The  spatial 
decay  of  the  spin-glass-type  gauge-invariant  correlation  function  at  Tg  seems  to  be  a  power  law, 
whose  exponent,  9,  is  estimated  to  be  0.5  ±0.2. 


The  XY  gauge  glass  has  been  studied  for  a  number  of 
reasons'-5  over  the  last  15  years.  The  Hamiltonian  may  be 
written  as 

Hxy=  2  cos (0,-0r<t>  ),  (1) 

<•;> 

where  ( ij )  indicates  a  sum  over  nearest  neighbors  on  some 
lattice.  The  0:  are  the  dynamical  variables.  The  <£,,  are  taken 
to  be  independent  quenched  random  variables,  which  have  a 
probability  distribution  P(tf>).  P(<f>)  is  usually  assumed  to  be 
uniformly  distributed  on  the  interval  [-rr,rr].  There  have 
been  a  number  of  recent  Monte  Carlo  simulations  of  this 
model  on  the  simple  cubic  lattice.6-'' 

Instead  of  allowing  the  0,  variables  to  be  continuous,  we 
can  restrict  them  to  take  on  values  of  the  form  2  -trljp,  where 
p  is  some  fixed  positive  integer  and  /,  belongs  to  Zp,  the 
integers  between  0  and  p-  1.  With  this  substitution  we  re¬ 
write  Eq.  (1)  in  the  form 

2  cos  —  (2i 

(ij)  '  P  I 

The  p  =  3  case,  with  a  general  P(tf>),  was  introduced  by 
Nishimori  and  Stephen.10  Equation  (1)  can  be  recovered  as 
the  p—>ac  limit  of  Eq.  The  author  has  previously  pub¬ 
lished  a  Monte  Carlo  study"  of  this  p  =  3  model.  Here  we 
will  give  more  detailed  results  for  the  case  of  a  uniform 
P(<f>),  which  we  will  call  the  Z3  gauge  glass.  The  reader  may 
think  of  this  model  either  as  an  approximation  to  an  orienta¬ 
tional  glass"  or  as  a  discretization  of  Eq.  (1),  which  pre¬ 
serves  the  universality  class  of  the  freezing  transition.  Note 
that  for  p-  2,  Eq.  (2)  becomes  a  form  of  the  Ising  spin 
glass.12 

The  Monte  Carlo  simulations6-9  of  Eq.  (1)  have  pro¬ 
vided  evidence  for  a  true  thermodynamic  phase  transition  in 
the  three-dimensional  XY  gauge  glass.  The  reason  why  the 
lower  critical  dimension  of  the  XY  gauge  glass  is  less  than 
that  of  the  XY  spin  glass  has  been  discussed  by  Gingras.13 
For  the  same  reason,  it  turns  out"  that  the  lower  critical 
dimension  of  the  Z3  gauge  glass  is  less  than  that  of  the  p  =  3 
Potts  glass.14  It  is  much  easier  to  simulate  a  model  with 
discrete  dynamical  variables  than  a  model  with  continuous 
variables.  Therefore,  it  is  very  advantageous  to  learn  about 
the  universal  parameters  of  the  XY  gauge  glass  phase  transi¬ 
tion  by  studying  the  Z3  version  of  the  model.  Of  course,  the 
low  temperature  behavior  of  the  two  models  is  very  different. 


The  model  was  studied  on  LxLxL  simple  cubic  lattices 
with  periodic  boundary  conditions.  More  details  of  the  pro¬ 
cedures  used  may  be  found  in  Ref.  11.  it  was  found  that  for 
Z.=  16,  the  sample-to-sample  variations  of  the  dynamic 
freezing  temperature  ranged  from  about  0.60  to  0.75  J .  This 
wide  variation  indicates  that  one  cannot  obtain  valid  results 
for  the  properties  of  large  lattices  by  doing  an  extrapolation 
from  the  average  properties  of  many  small  lattices,  because 
the  small  lattices  are  not  large  enough  to  be  in  the  asymptotic 
scaling  region. 

The  freezing  process  in  these  systems  is  highly  inhomo¬ 
geneous.  Since  we  are  using  a  continuous  probability  distri¬ 
bution  for  P(<f>),  there  are  no  regions  of  any  significant  size 
in  which  tne  bonds  are  perfectly  ferromagnetic  (or  can  be 
made  perfectly  ferromagnetic  by  a  local  gauge  transforma¬ 
tion).  There  are,  however,  a  few  isolated  regions,  of  perhaps 
100  spins  each,  that  are  only  weakly  frustrated.  The  spins  in 
these  regions,  which  will  henceforth  be  called  nuggets,  relax 
much  more  slowly  than  average,  because  they  are  coherently 
correlated.  The  nuggets  comprise  about  1%  of  an  t  =  32 
sample.  The  relaxation  times  of  the  nuggets  increase  rapidly 
as  the  temperature  is  lowered  from  0.85  to  0.80  J  In  this 
temperature  range,  the  correlation  length  in  "typical"  re¬ 
gions  of  the  sample  remains  rather  short.  The  "diameter” 
(they  are  not  very  spherical)  of  a  nugget  seems  to  be  about 
five  lattice  units,  and  the  distances  between  them  are  about 
two  or  three  times  this.  Thus,  it  is  not  surprising  that  the 
sample-to-sample  variations  of  the  properties  of  L  =  1 6  lat¬ 
tices  are  quite  large. 

The  nuggets  can  be  identified  as  the  localized  eigenvec¬ 
tors  of  the  susceptibility  matrix,  As  argued  by  Hertz, 
Fleishman,  and  Anderson15  (HFA),  a  true  phase  transition 
occurs  if  the  nuggets  become  locked  together  in  a  coherent 
fashion,  so  that  \  1  has  an  extended  eigenvector  with  eigen¬ 
value  zero.  A  more  subtle  alternative  possibility  is  that  this 
eigenvector  becomes  power-law  localized,  rather  than  truly 
extended.  The  spreading  of  order  in  this  model  is  not  a 
simple  process,  since  the  interactions  between  the  nuggets 
are  highly  frustrated.  One  could  imagine  carrying  out  a  real- 
space  renormalization  group  transformation  in  which  the 
nuggets  became  sites,  with  effective  interactions  between 
them.  Then  one  would  look  for  “supemuggets”  on  the  renor¬ 
malized  lattice,  and  iterate  the  transformation. 

The  inhomogeneity  of  the  freezing  process,  and  the  in¬ 
adequacy  of  a  single  relaxation  time  analysis,  are  graphically 
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FIG.  1.  Histogram  of  the  spin-flip  frequency  for  individual  spins  of  the  2 , 
gauge  glass  model  on  a  simple  cubic  lattice.  The  data  were  obtained  from  a 
sequence  of  288  states  of  a  single  L- 32  lattice  with  7=0.775,  using  a 
time  of  2560  Monte  Carlo  steps  per  spin  between  stales.  The  y  axis  is  scaled 
logarithmically. 


illustrated  in  Fig.  1.  This  figure  shows  the  distribution  of 
single-spin-flip  rates  in  an  L  =  32  sample  at  T =0.775  J,  just 
above  Tg.  The  tail  on  the  fast  side  of  the  peak  is  Gaussian, 
and  most  of  its  observed  width  is  due  to  finite  time  statistical 
noise.  Cn  the  slow  side,  we  see  a  broad  tail  that  appears  to  be 
exponential  over  a  significant  range.  This  long-time  tail  is 
not  consistent  with  a  simple  finite-size  scaling  analysis,  but  it 
is  expected  in  the  HFA  picture.  The  slow  spins  are  indeed 
clustered  into  nuggets,  and  at  this  temperature  each  nugget  is 
able  to  polarize  a  large  number  of  spins  in  its  neighborhood. 

The  fact  that  the  increase  of  relaxation  times  as  T  is 
reduced  is  too  rapid  to  be  consistent  with  an  Arrhenius  law 
does  not  prove  the  existence  of  a  finite  temperature  phase 
transi'ion.  An  analytic  crossover  from  weak  coupling  to 
strong  coupling,  such  as  the  Kondo  effect,  may  also  have  this 
property.  What  evidence  is  there  that  the  freezing  transition 
seen  in  this  model  is  a  true  phase  transition?  To  some  extent, 
the  observation  that  the  dynamical  freezing  appears  to  occur 
at  a  higher  temperature,  on  the  average,  as  L  is  increased 
supports  this.  It  appears  that  as  T  is  lowered  to  Tg ,  the  ef¬ 
fective  sizes  of  the  nuggets  grow,  and  they  become  correlated 
with  each  other.  The  inhomogeneity  of  the  freezing  makes  it 
difficult  to  quantify  the  growth  of  long-range  spatial  correla¬ 
tions  as  T  is  lowered  through  Tg ,  but  the  idea  seems  to  be 
qualitatively  correct.  Because  the  freezing  process  is  so  in¬ 
homogeneous,  it  cannot  be  adequately  characterized  by  a 
single  number.  It  is  more  appropriate  to  speak  of  a  distribu¬ 
tion  function  for  the  local  spin  polarization.  This  should  re¬ 
mind  the  reader  of  Parisi’s  spin-glass  order  parameter 
function16  to  which  it  is  naturally  related. 

If  Tg  is  a  true  thermodynamic  phase  transition,  associ¬ 
ated  with  a  divergence  of  spin  correlations,  then  one  might 
expect  to  see  some  anomaly  in  the  specific  heat,  cH,  at  this 


FIG.  2.  Specific  heat  vs  temperature  for  the  Z3  gauge  glass  model  on  a 
simple  cubic  lattice.  The  data  are  from  toe  same  lattice  as  those  of  Fig.  1 
The  diamonds  were  obtained  from  the  fluctuations  of  the  energy  at  a  single 
7,  and  the  squares  were  obtained  by  numerical  differentiation  of  the  energy. 


temperature.  The  data  from  one  L  =  32  lattice  are  shown  in 
Fig.  2.  The  points  shown  as  diamonds  were  obtained  from 
the  fluctuations  in  the  energy  at  a  fixed  temperature,  and  the 
points  shown  as  squares  were  obtained  from  the  differences 
in  the  average  energy  at  successive  temperatures.  The  two 
methods  agree  fairly  well,  with  no  apparent  systematic  dif¬ 
ferences  between  them.  Although  cH  appears  to  be  a  mono- 
tonically  increasing  function  in  the  temperature  region  of 
interest,  the  data  suggest  a  weak  maximum  in  dcH/dT  at 
T=0.760±0.010  J.  This  is  the  same  range  of  T  in  which 
the  relaxation  time  of  the  nuggets  becomes  unobservablv 
long.  We  identify  this  temperature  as  Tg . 

We  may  define  a  spin-glass-type12  two-point  correlation 
function,  Q(i,j)  for  this  mode)  by 
2 

C(ij)=2  P[/,-/,  =  n( mod3)]2-|.  (3) 

The  results  of  calculating  a  spatial  average  of  Q  as  a  function 
of  the  distance,  ri: ,  between  i  and  j,  with  r,,  along  the  cubic 
axes  for  an  L  =  32  sample,  and  temperature  near  Tg  are  dis¬ 
played  in  Fig.  3.  The  flattening  out  of  the  T=  0.775  J  data 
for  large  rit  is  a  finite  time  statistical  noise  effect.  At  Tg ,  the 
range  of  spin  correlations  is  clearly  becoming  larger  than  the 
size  of  the  Z.  =  32  samples  that  have  been  simulated.  The 
majority  of  the  spins  are  still  rather  fluid  at  this  temperature. 
They  freeze  out  gradually  as  T  is  lowered  further.  The  nug¬ 
gets,  however,  are  essentially  rigid  on  accessible  time  scales 
(about  7.5 X105  Monte  Carlo  steps  per  spin)  for  all  T*iTg. 
From  Fig.  3,  it  appears  that  Q  decays  like  ( 1  //■,,) 1  + 1  at  Tg , 
with  t;=0.5±0.2. 

The  author  believes  that  the  flattening  out  of  Q  at  large 
rjj  for  T-  0.75  J  is  an  equilibrium  effect,  indicating  the 
presence  of  true  long  range  order  for  T<Tg  Thus,  the  dis- 
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FIG.  \  Log-log  pku  of  tbe  glass  correlation  function  vs  distance  for  the  Zj 
gauge  glass  mode)  on  a  simple  cubic  lattice,  at  three  different  temperatures. 
The  data  sets  are  of  the  same  type,  and  from  the  same  lattice,  as  used 
in  Fig,  l, 

tribution  of  correlations  for  pairs  of  spins  separated  by  the 
same  large  distance  becomes  broad  for  T^Tg.  In  Parisi ’s 
mean-field  theory  all  spins  are  treated  as  equivalent,  so  the 
order-parameter  distribution  has  been  interpreted  in  terms  of 
multiple  minima1718  of  the  free  energy.  In  a  system  with  only 
short-range  interactions,  it  is  natural  for  the  order-parameter 
distribution  to  represent  the  probability  distribution  of  the 
polarizations  of  individual  spins. 

Since  we  find  only  two  or  three  nuggets  in  an  L  =  32 
sample,  we  are  just  reaching  the  point  where  the  true  large 
distance  behavior  should  become  visible.  For  L- 32,  the 
relative  orientations  of  the  nuggets  in  the  equilibrium  frozen 
state  of  the  sample  appears  to  be  essentially  unique,  except 
for  rare  fluctuations.  From  the  arguments  of  HFA,15  one 
would  predict  that  in  significantly  larger  three-dimensional 


samples,  with  many  nuggets,  this  would  not  continue  to  be 
true.  A  meaningful  test  for  the  importance  of  frustration  ef¬ 
fects  in  the  relative  orientations  of  the  nuggets,  and  therefore 
of  the  thermodynamical  significance  of  multiple  metastable 
minima  of  the  free  energy,  would  require  the  careful  study  of 
£  =  64  systems. 

The  data  of  Figs.  1-3  appear  to  indicate  the  existence  of 
a  true  phase  transition  at  T. .  If  the  study  of  an  L  =  64  sample 
out  to  times  of  at  least  10*  Monte  Carlo  steps  per  spin  were 
to  give  essentially  similar  results,  the  author  would  consider 
this  to  be  convincing  evidence  for  a  phase  transition.  (Note 
that  this  represents  an  order  of  magnitude  increase  in  com¬ 
puting  eSort.)  HFA  point  out  that  this  could  occur,  due  to  the 
behavior  of  topological  structures  such  as  vortex  lines.  A 
similar  effect  is  seen  in  three-dimensional  AT -type  random 
anisotropy  magnets.19,20  As  evidenced  by  these  examples,  the 
low  temperature  phase  could  have  either  true  long-range 
order20  or  only  a  slower-than-exponential  decay19  of  Q  to 
zero  as  rtj  goes  to  infinity. 
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Measurement  of  P,  the  percentage  reduction  in  remanence  after  the  application  of  lSn^lO4  reverse 
field  pulses  of  width  0.6  ns  «  7  «9  ns,  are  reported  for  five  particulate  tape  samples  including 
y-Fe203 ,  Co-'yFe203,  Fe,  and  two  different  barium  ferrites.  For  r>rc ,  P  depended  only  on  nr.  It 
increases  quite  rapidly  at  small  values  of  nr  depending  on  the  media  and  then  at  higher  values  of 
nr  approximately  linearly  with  log(nr).  In  the  linear  regime,  the  decrements  S  (%  change/decade) 
agree  within  experimental  error  with  the  quasistatic  values  obtained  from  viscosity  measurements 
between  10  and  100  s.  Considering  the  arbitrariness  of  the  logarithmic  assumption,  it  is  remarkable 
that  the  decrement  is  the  same  over  eleven  orders  of  magnitude.  The  reduction  in  P  at  Ktc  is 
evidence  for  time-limited  switching  as  reported  previously.  However,  the  dependence  of  P  on  n  r  for 
small  nr  cannot  be  explained  by  the  usual  viscosity  model  but  is  consistent  with  reptation,  a 
phenomenon  suggested  by  Neel. 


I.  INTRODUCTION 

More  than  35  years  ago,  Neel,u  suggested  that  the  re¬ 
petitive  application  of  a  reverse  field  to  a  magnetic  particu¬ 
late  system  could  result  in  a  statistical  fluctuation  of  the  in¬ 
ternal  interaction  fields  which  would  cause  a  decrease  in  the 
remanence  after  each  field  cycle.  No  clear  evidence  for  this 
effect  has  been  obtained  although  it  could  be  argued  that 
phenomena  such  as  domain  wall  creep3  in  thin  films  are  a 
form  of  reptation.  Earlier,  Neel4  also  suggested  and  it  is  well 
documented5  that  the  remanence  in  a  magnetized  particulate 
system  subject  to  a  constant  reverse  field  will  decrease 
monotonically  with  time  at  a  rate  characterized  by  a  param¬ 
eter  of  the  material  called  the  magnetic  viscosity.  The  exact 
dependence  on  time  t  is  still  being  discussed  theoretically6 
but  for  an  assembly  of  nonuniform  particles  is  usually  taken 
to  be  of  the  form  log(/0r)  where  (f0t)i>l  and  f0  is  a  con¬ 
stant  assumed  to  be  ~109  s'1.  In  any  case,  all  the  experi¬ 
mental  data  for  assemblies  of  particles,  usually  measured  in 
the  range  10-1000  s,  are  well  described7  by  a  linear  depen¬ 
dence  on  log  t  although  it  has  been  suggested8  that  (log  t)m 
is  even  better.  Thus,  assuming  a  log  t  dependence,  the  decay 
can  be  characterized  conveniently  by  a  decrement  S  equal  to 
the  percentage  change  per  decade.  In  1986,  Flanders9  carried 
out  reptation  and  viscosity  measurements  and  showed  that 
the  decrease  in  the  remanence  could  be  explained  completely 
by  visoosity,  i.e.,  by  taking  into  account  only  the  total  time 
the  reverse  field  was  applied  and  not  the  number  of  field 
cycles.  Within  experimental  error,  reptation  effects  could  not 
be  detected.  Recently,  it  was  again  suggested  that  reptation 
effects  were  observed10  but  extensive  theoretical  1  and 
experimental12  analysis  resulted  in  further  support  for 
Flanders’  earlier  conclusion.  For  quasistatic  measurements. 


viscosity  effects  occurring  during  the  time  required  to  make 
the  reptation  measurement  dominate  the  process. 

The  function  log  t  can  only  be  an  approximate  descrip¬ 
tion,  since  it  diverges  at  very  short  and  at  very  long  times. 
Until  now,  the  need  to  address  this  has  not  been  compelling 
since  measurements  did  not  exist  at  either  limit.  We  have  the 
capability13  to  measure  reversal  after  the  application  of  very 
short  pulses  with  widths  <1  ns  and  rise  times  <0.3  ns  such 
that  (/0f)  should  approach  unity.  To  better  understand  this 
limit,  an  investigation  of  reptation  and  viscosity  was  under¬ 
taken  on  several  magnetic  tapes  and  the  results  compared  to 
quasi-static  measurements. 

II.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

The  apparatus  and  measurement  techniques  have  been 
described  elsewhere.13  For  these  experiments,  the  sample 
was  initially  saturated  and  then  n  pulses  of  width  r  and  cur¬ 
rent  amplitude  /  were  applied  at  a  low  repetition  rate  of  ~1 
Hz.  After  each  pulse  sequence,  a  field  proportional  to  the 
remanence  was  measured  and  the  percent  switched 
P  =  ( ttMUM  R)  1 00  calculated.  Here  A M  is  the  change  in 
the  remanence  and  M R  is  the  saturation  remanence.  For  com- 


TABLE  I.  Coercivity  H  and  squareness  SO,  measured  with  a  VSM. 


Media 

Uc  (Oe) 

SQ 

Ss  (%  decade) 

S,  (%/decide) 

r-FeA 

330 

0.82 

1J 

1.8±0.5 

Co-yFejOj 

880 

0.77 

2.3 

1  ±0.5 

MP  (Fe) 

1590 

0.77 

1.7 

2  ±0.5 

BaFe-1 

1010 

0.74 

9.2 

8  ±0.5 

BaFe-2 

1180 

0.65 

5.0 

4  ±0.5 
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parison  between  samples,  the  current  was  adjusted  to  set  P 
between  40%  and  60%  for  n  =  1  and  t>  5  ns.  For  the  higher 
coercivity  samples,  a  dc  bias  held  Hg  was  applied  to  the 
sample  to  allow  P= 50%  to  be  reached  at  a  convenient  pulse 
current.13,14  The  coercivity  Hc  and  the  squareness  SO,  mea¬ 
sured  with  a  VSM  for  the  five  tapes  studied  are  listed  in 
Table  L 

The  measured  values  of  P  are  plotted  in  Figs.  1(a)— 1(c) 
versus  log(nr)  for  several  r.  For  all  the  media,  there  is  an 
approximate  value  of  t=tc  such  that  for  t>tc,  P  depends 
only  on  nr.  For  t<tc  at  constant  nr,  P  decreases  rapidly 
with  decreasing  nr  although  the  functional  dependence  on  r 
remains  about  the  same.  P  increases  monotonically  with  nr, 
quite  rapidly  at  small  values  of  nr  depending  on  the  media, 
and  then  more  slowly  at  higher  nr  at  which  point  the  in¬ 


<d> 


(e) 


FIG.  1 .  The  percent  switched  P  vs  the  total  pulse  time  (n  r)  as  a  function  of 
pulse  width  r for  (a)  y-FejC^;  (b)  Co-yFe203;  (c)  MP;  (d)  BaFe-1;  and  <s> 
BaFe-2. 


crease  of  P  against  log(nT)  becomes  approximately  linear. 
This  can  be  visualized  more  easily  if  we  plot  P  vs  log(nr) 
for  f>rc  for  all  the  media  on  one  graph  (Fig.  2).  The  linear 
dependence  for  «t>10  and  the  rapid  change  in  slope  for  all 
the  samples  except  Co-yFe203  below  n  t=  10  are  clearly  evi¬ 
dent.  It  is  also  obvious  that  P  increases  much  more  rapidly 
with  nr  in  the  BaFe  tapes  than  in  the  oxide  or  MP  tapes. 

For  the  y-Fe203  sample,  we  carried  out  the  measure¬ 
ments  over  four  orders  of  magnitude.  For  large  t>tc,  the 
linearity  on  log(n)  [or  log(n  r)]  is  quite  good  for  three  orders 
of  magnitude  from  n  =  10  to  104.  This  data  also  showed 
clearly  that  the  deviation  from  linearity  occurs  at  larger  val¬ 
ues  of  n  as  t<tc  decreases,  from  n  =  10  at  r=5  ns  to  n  =  100 
at  1=0.6  ns. 
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FIG.  2.  The  percent  switched  P  vs  the  tool  pulse  time  (nr)  it  luge  pulse 
widths  for  several  media.  The  curves  arc  guides  for  the  eye. 

The  linear  behavior  with  log(nr)  and  the  larger  decre¬ 
ments  in  BaFe  immediately  suggest  viscosity  effects.  The 
value  of  the  quasi-static  decrement  S,  and  the  pulsed  decre¬ 
ment  Sp  estimated  from  the  linear  region  (Fig.  2)  are  listed  in 
Table  I.  The  measurement  of  Ss  was  made  on  a  Princeton 
Measurement  Corp.  alternating  gradient  magnetometer  in 
which  the  field  was  switched  from  positive  saturation  to  the 
negative  coercive  field  in  <1  s,  thus  eliminating  sweep  time 
effects  and  closely  emulating  the  pulse  measurement.  Within 
experimental  error,  Sp  and  S,  agree.  The  large  values  of  Ss 
and  Sp  in  the  BaFe  compared  to  the  oxides  and  MP  are  in 
agreement  with  previous  reports.5'15  The  larger  value  in 
BaFe-1  is  consistent  with  the  differences  in  their  particle 
diameter  which  is  —300  A  in  BaFe-1  and  —500  A  in 
BaFe-2.  We  call  attention  to  the  arbitrariness  of  the  logarith¬ 
mic  assumption6  and  only  emphasize  that  over  11  orders  of 
magnitude,  remarkably,  the  decrement  near  the  coetcivity  is 
the  same. 

The  decrease  in  P  for  fixed  nr  as  r  decreases  is  evidence 
of  the  finite  switching  speed13  in  the  tapes  and  depends  on 
the  material.  Curiously,  even  for  very  short  r  in  the  time- 
limited  regime,  P  increases  at  large  n  linearly  with  log(nr) 
although  the  decrement  decreases  from  —2.2%  at  r=0.6  ns 
to  —1.5%  at  r=5.0  ns.  This  suggests  that  viscosity  is  still 
operative  even  in  the  region  where  dynamic  effects  domi¬ 
nate. 


We  have  also  measured  Sp  at  different  values  of  /,  Le„ 
for  different  values  of  P  at  constant  nr  in  y-Fc&}.  From 
20%<P<80%,  Sp  is  constant  within  experimental  error. 
Quasistatic  measurement5  show  greater  sensitivity  to  the  ap¬ 
plied  field  as  expected  from  straightforward  physical  argu¬ 
ments.  The  difference  may  be  due  only  to  the  lack  of  preci¬ 
sion  in  the  pulse  technique. 

The  data  in  Figs.  1  and  2  show  that  for  each  medium 
there  is  a  value  of  nr  depending  on  r  above  which  P  in¬ 
creases  more  or  less  linearly  with  kygfnr)  and  below  which 
it  does  not.  The  simple  theories  of  viscosity  assume  that 
and  if  /0~10*  s-1,  our  experiments  surely  violate 
that  assumption.  Therefore,  deviation  from  the  usual  log(r) 
dependence  should  not  be  unexpected.  However,  recent 
measurements16  suggest  f0  may  be  as  large  as  1012-1013  s  1 
in  which  case  the  explanation  for  the  deviation  must  be 
sought  elsewhere.  P  surely  increases  rapidly  with  n  for 
n  <  10  and  this  could  be  explained  by  reptation.  We  have  not 
taken  into  account  the  demagnetizing  field  of  — 100  Oe  at 
maximum  remanence13  which  adds  to  the  switching  field. 
However,  this  is  greatly  reduced  after  the  first  pulse  which 
would  therefore  reduce  switching  for  subsequent  pulses, 
leading  to  an  underestimate  of  the  nonlinear  behavior  for 
small  n. 

It  is  possible  that  an  improved  theory  of  viscosity  could 
explain  the  results  for  small  n  and  nr,  again  negating  the 
need  to  involve  reptation.  Until  that  happens,  our  data  are 
consistent  with  that  phenomenon. 
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Ferromagnetic  resonance  spectra  of  oriented  barium  ferrite  tapes 
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Ferromagnetic  resonance  spectra  have  been  measured  for  three  barium  ferrite  tapes  at  34  5  GHz  for 
two  different  orientations  of  the  tapes  with  respect  to  the  static  and  microwave  fields.  The 
orientation  distributions  in  the  tapes  have  been  measured  using  x-ray  diffraction,  and  these 
distributions  have  been  used  to  calculate  the  spectra  using  the  Landau-Lifshitz  equation.  The 
anisotropy  energy,  damping  constant,  and  volume  packing  fraction  have  been  used  as  adjustable 
parameters  in  the  calculations.  Calculated  spectra  were  in  good  agreement  with  measurements. 
Anisotropy  constants  and  damping  constants  determined  from  the  fits  are  consistent  with  results 
reported  for  fine  particle  assemblies. 


I.  INTRODUCTION 

Ferromagnetic  resonance  (FMR)  has  been  used  by  a 
number  of  investigators  to  study  linewidths  in  single-crystal 
samples  of  barium  ferrite.1'4  Very  little  work,  however,  has 
been  done  on  fine  particle  assemblies.  For  a  random  distri¬ 
bution  of  fine  particles,  FMR  spectra  were  measured  and 
spectra  were  calculated  based  on  the  Landau-Lifshitz  equa¬ 
tion  assuming  no  interparticle  interactions.5  Excellent  agree¬ 
ment  was  obtained  between  measurements  and  calculations, 
which  enabled  accurate  determination  of  the  magnetic  pa¬ 
rameters,  in  particular,  the  anisotropy  constant  and  the  damp¬ 
ing  constant.  The  FMR  spectra  for  partially  oriented  samples 
is  much  more  difficult  to  interpret,  especially  if  interparticle 
interactions  are  strong.  Netzelmann  recently  measured  and 
calculated  FMR  spectra  for  a  commercial  oriented  barium 
ferrite  tape.6  The  spectrum  in  a  tape  sample  depends  on  a 
number  of  parameters  which  Netzelmann  used  as  inputs  in 
his  calculations,  including  the  orientation  distribution.  Al¬ 
though  Netzelmann  obtained  qualitative  fits  at  35  GHz,  the 
widths  of  the  calculated  and  measured  spectra  differed  sig¬ 
nificantly. 

We  have  measured  and  calculated  FMR  spectra  for 
barium  ferrite  tapes  with  three  different  squarenesses  and 
coercivities  (Table  I).  In  order  to  reduce  the  number  of  pa¬ 
rameters  in  the  calculation  and  improve  the  fits,  we  have 
measured  the  orientation  distributions  of  the  single-crystal 
barium  ferrite  particles  using  x-ray  diffraction,  and  we  have 
used  these  distributions  in  our  calculations. 

II.  EXPERIMENTAL  RESULTS 
A  Orientation  distribution* 

X-ray  diffraction  measurements  were  made  on  the  tapes 
using  a  Rigaku  diffractometer  operating  in  the  8-28  mode. 
The  relative  integrated  intensities  of  the  diffraction  peaks 
depend  on  the  orientation  distribution  of  the  c  axis  of  the 
barium  ferrite  particles  within  the  tapes.  Figure  1  shows 
spectra  for  the  three  tapes  which  include  the  (110),  (107), 
and  (114)  peaks.  BaFe-1  has  the  highest  degree  of  orientation 
and  BaFe-3  has  the  lowest  as  measured  by  the  squareness  of 
the  hysteresis  loop  (Table  I). 

The  relative  intensities  of  the  three  peaks  were  calcu¬ 
lated  using  an  equation  of  the  form7 


l=\F\2jLDe~2Q,  (1) 

where  F  is  the  structure  factor,  j  the  multiplicity  factor,  L  a 
Lorentz-Polarization  factor,  D  an  orientation  distribution 
factor,  and  e'2C  a  temperature  factor  (assumed  constant). 
The  orientation  distribution  factor  is  proportional  to  the  num¬ 
ber  of  particles  which  have  a  c  axis  such  that  the  diffraction 
plane  is  in  the  plane  of  the  tape  and  is  given  by 

D=j  f(8)d<lt,  (2) 

where  f(9)  is  the  distribution  function  and  8  is  the  angle 
between  the  c  axis  of  a  particle  and  the  aligned  direction  of 
the  tape.  The  integration  is  taken  around  the  perimeter  of  a 
cone  formed  by  all  possible  c  axes  oriented  such  that  the 
diffraction  plane  is  parallel  with  the  tape  plane. 

In  Eq.  (2)  an  orientation  distribution  function  of  the  form 

f(0)=A  exp[-(fl/<7)”]  (3) 

was  assumed,  where  a  and  n  were  chosen  for  best  agreement 
with  the  measured  intensities  and  A  was  chosen  for  normal¬ 
ization.  Figure  2  shows  the  relative  intensities  of  the  diffrac¬ 
tion  peaks  as  a  function  of  a  for  n=2  (Gaussian)  and  for 
n=  4,  along  with  the  measured  intensities.  For  tapes  BaFe-2 
and  BaFe-3,  a  Gaussian  function  gave  a  good  fit,  with  a 
values  of  56°  and  59°.  For  BaFe-1  the  very  low  intensity  of 
the  (107)  peak  suggested  a  more  nearly  square  type  of  dis¬ 
tribution,  and  a  good  fit  was  obtained  for  n  =4  and  <r- 45°. 


FIG.  1.  X-ray  diffraction  spectra. 
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FIG.  2.  Calculated  relative  intensities  as  a  function  of  distribution  width. 
Points  show  measured  intensities. 


For  all  three  tapes,  the  parameters  n  and  a  were  such  that  all 
of  the  measured  and  calculated  intensities  agreed  to  within 
±5%  of  the  intensity  of  the  strongest  peak. 

Orientation  distributions  were  also  determined  using  the 
angular  dependence  of  remanence  method.8  The  results, 
however,  were  not  in  satisfactory  agreement  with  the  x-ray 
results  for  all  the  tapes.  This  disagreement  may  be  due  in  part 
to  interactions,  which  do  not  affect  the  x-ray  results. 

B.  Ferromagnetic  reeonance 

First  derivative  absorption  FMR  spectra  were  measured 
at  34.5  GHz  over  the  field  range  from  0.2  to  1.8  T.  These 
spectra  were  numerically  integrated  in  order  to  compare  with 
the  absorption  spectra  which  were  reported  for  randomly  and 
partially  oriented  barium  ferrite.5'6  Figure  3  shows  absorption 
spectra  which  were  recorded  for  two  orientations  (B  and  C, 
as  per  Netzelmann6)  of  the  tape  with  respect  to  the  static 
field,  Bq,  and  the  microwave  field.  For  orientation  B,  Bo  was 
perpendicular  to  the  aligned  direction  of  the  tape  and  in  the 
plane  of  the  tape.  For  orientation  C,  Bo  was  perpendicular  to 
the  tape  plane.  For  each  orientation,  the  microwave  field  was 
in  the  aligned  direction  of  the  tape. 

FMR  spectra  were  calculated  from  the  Landau-Lifshitz 
equation  using  the  method  of  Netzelmann.6  The  energy  den¬ 
sity  is  given  as 

F=Ft+FK+FN,  (4) 

where 

Ft=~(  1/Mo)M-Bo,  (5) 

sin2  (6) 

and 
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FIG.  3.  Calculated  and  measured  FMR  spectra. 


Fw=(l/2/t0)U-p)M'N-M+(l/2Mo)FM.N,M.  (7) 

In  the  above  equations,  M  is  the  particle  magnetization, 
K,  the  crystalline  anisotropy  energy  density,  p  the  volumet¬ 
ric  packing  fraction,  N  the  demagnetization  tensor  for  the 
particle,  and  N,  the  demagnetization  tensor  for  the  tape.  The 
second  term  in  Eq.  (7)  is  due  to  the  demagnetization  field  of 
the  tape,  whereas  the  first  term  includes  both  the  demagneti¬ 
zation  energy  of  the  particle,  which  depends  on  the  aspect 
ratio  and  orientation  of  the  particle,  and  a  tenn  with  p  to 
account  for  the  local  interactions  between  particles.  Equation 
(7)  has  the  correct  limits  for  an  isolated  particle  (p- 0)  and 
for  a  continuous  medium  (p= 1);  however,  for  arbitrary  val¬ 
ues  of  p  the  interaction  term  is  only  an  approximation. 

The  breadth  of  the  FMR  spectra  in  Fig.  3  is  due  prima¬ 
rily  to  the  orientation  distribution  of  the  particles,  with  the 
aligned  particles  contributing  only  to  the  high-field  part  of 
the  spectrum.  In  both  orientations  B  and  C,  the  position  of 
the  high-field  peak  is  determined  primarily  by  Kd ,  and,  to  a 
lesser  extent,  by  p,  where 

KtB=Kl  +  (V2pL0)[l-p)M2^,  (8) 

and  ^N=iNb-Nm ,  where  a  is  the  symmetry  axis  of  the  par¬ 
ticle.  (Orientation  and  relaxation  broadening  will  slightly 
shift  the  peak  positions.)  Thus,  and  p  can  be  determined 
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FIG.  4.  Effect  of  a  oe  calculated  FMR  spectrum  for  BaFe-1.  (Ail  cnlcula- 
twos  ate  normalized  to  die  measured  peak  value.) 


with  reasonable  accuracy  by  matching  the  calculated  and 
measured  positions  of  the  high-held  peak  for  the  two  orien¬ 
tations. 

The  high-  and  low-field  tails  of  the  spectra  depend  pri¬ 
marily  on  a.  Figure  4  shows  the  high-field  part  of  the  calcu¬ 
lated  spectra  for  three  different  values  of  a  along  with  the 
measured  spectrum  for  BaFe-1,  which  gives  an  indication  of 
the  accuracy  with  which  a  can  be  determined. 

Table  I  summarizes  the  parameters  which  were  used  to 
determine  the  calculated  spectra  in  Fig.  3.  The  values  of  d/t 
and  Af,  are  nominal  values  for  a  Toshiba  Hi-8  tape 
(BaFc-3).9  Although  these  parameters  were  not  known  for 
the  other  tapes,  these  same  values  were  used  for  all  the  tapes 
to  calculate  K,  from  Eq.  (8).  The  values  of  Ki  in  Table  I  are 
consistent  with  values  reported  in  the  literature  for  both  bulk 
crystal  and  fine  particle  assemblies  of  Co/Ti -doped  barium 
ferrite.5-610  The  damping  constants  of  the  three  tapes  are 
similar  to  previously  reported  values  for  fine  barium  ferrite 
particles,  •“  however,  they  are  as  much  as  two  orders  of 
magnitude  larger  than  values  estimated  from  linewidth  mea¬ 
surements  for  single  crystal  samples.’'4 
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B*Fe2 
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rr  (deg) 
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111.  SUMMARY 

Particle  orientation  distributions  in  barium  ferrite  tapes 
determined  by  x-ray  diffraction  have  allowed  FMR  spectra  to 
be  calculated  which  are  in  good  agreement  with  measure¬ 
ments.  Best-fit  values  of  X,  are  in  good  agreement  with  bulk 
data,  but  a  is  considerably  larger.  This  is  consistent  with 
previous  work,  although  the  reason  for  the  large  a  values  is 
not  well  understood. 

ACKNOWLEDGMENT 

This  work  was  supported  in  part  by  a  grant  bom  a  Com¬ 
merce  Department  Advanced  Technology  Program  adminis¬ 
tered  by  NS1C. 

1 W.  A.  Kaczmarek,  J.  Mags.  Magn.  Mato.  84  391  (1990). 

2  W.  D.  Wilber  and  L_  M.  Silbo,  J.  Appl.  Pbys.  43.  3353  (1988). 

JL  M.  Sitter,  E.  Tsantes,  and  W.  D.  Witter,  J.  Magn.  Magn.  Mater  54-57, 
1141  (1986). 

‘M.  Labcyrie,  J.  C.  Mage,  W.  Sinonet,  1  M.  Desvignes,  and  H  Le  Gall, 
IEEE  Trans.  Magn.  MAG-28,  1224  (1984),  and  references  therein. 

5C.  Swig.  K.  A.  HempeL  and  F.  Schumacher,  J.  Magn.  Magn.  Mater.  117. 
441  (1992). 

6U.  Netzelmann,  J.  Appl  Pbys.  68.  1800  (1990). 

’B-  D.  Culiity,  Elements  of  X-Ray  Diffraction  (Addison- Wesley,  Reading, 
MA,  1978). 

*S.  Strikman  and  D.  Treves,  J.  Appl.  Pbys.  31.  58S  (1960). 

9T  Suzuki  (personal  communication). 

10 D.  J.  de  Bitetto,  J.  Appl.  Phys.  35,  3482  (1964). 

11 F.  Schumacher,  K.  A  Hempel,  and  W.  Sale,  J.  Magn.  Magn.  Mato.  83. 
219  (1990). 


I 

1 


1 


I 


8662  J.  Appl.  Ptryn.,  Vot.  78.  No.  10, 15  May  1BB4 


Yu,  Harral,  and  Doyle 


T“5 


* 


.-Sfj': 


Angular  dapandanca  maasuramant  of  individual  barium  farrita  recording 
particles  near  the  aingle  domain  size 
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The  switching  field  angular  dependence  measurement  of  individual  barium  ferrite  recording 
particles  with  sizes  ranging  from  55  to  75  nm  in  diameter  were  measured  via  magnetic  force 
microscopy  technique.  These  experimental  measurements  were  then  used  as  a  basis  to  investigate 
their  nucleatkm  mechanism  and  intrinsic  switching  modes.  Our  findings  indicate  that  the  effects 
nonuniform  doping  of  Co-Ti  can  significantly  affect  the  easy  axis  nucleation  field  and  the  switching 
mode. 


I.  INTRODUCTION 

Recording  particle  such  as  barium  ferrite  has  attracted 
much  attention  because  of  its  exceptional  recording  proper¬ 
ties.  In  past  investigations,  angular  dependence  switching 
field  measurements  were  utilized  to  study  the  switching 
modes  of  Co-Ti  doped  barium  ferrite  particles.1'2  These  mea¬ 
surements  of  barium  ferrite  powder  samples  showed  a 
switching  field  that  increased  monotonically  with  an  increase 
in  the  applied  field  angle.  It  is  uncertain  whether  the  large 
anisotropy  field,  which  is  typically  4-5  times  the  easy  axis 
switching  field  value,  is  due  to  incoherent  switching  of  indi¬ 
vidual  particles  or  whether  the  observed  behavior  is  the  re¬ 
sult  of  strongly  coupled  particle  dusters.3 

Recently,  a  new  method  that  allows  direct  measurement 
the  switching  fields  of  individual  recording  particles  has 
been  demonstrated.4  This  technique  utilized  an  in-house-built 
magnetic  force  microscope  (MFM)  as  an  ultrasensitive  mag¬ 
netometer  to  measure  the  remanent  magnetization  state  of 
individual  particles.  The  measurement  technique  also  com¬ 
bines  the  use  of  a  high  resolution  scanning  election  micros¬ 
copy  (SEM)  imaging  and  atomic  force  microscopy  (AFM) 
profilometry  to  quantify  the  geometric  shape  and  the  size  of 
the  particle  specimens. 

In  this  paper,  the  switching  field  angular  dependence 
measurements  of  three  particles  were  measured  utilizing  this 
MFM  based  technique.  These  experimental  switching  field 
measurements  are  used  as  a  basis  to  investigate  the  intrinsic 
reversal  modes  and  the  switching  mechanisms  of  individual 
barium  ferrite  recording  particles  [BaFe]  2  _  ^(CoTi^O,, , 
x  =0.7],  Micromagnetic  modeling  is  used  in  the  final  analysis 
to  gain  a  quantitative  understanding  of  our  experimental 
findings. 


«.  METHOD  AND  RESULTS 

The  switching  field  measurement  technique  used  in  this 
study  has  been  described  in  a  previously  published  article.3 
The  switching  field  angular  dependence  of  three  barium  fer¬ 
rite  particles  (55, 57,  and  75  nm  in  diameter,  and  aspect  ratio 
equal  to  2.4:1, 4.1:1,  and  2.7:1  respectively)  was  measured  at 
various  applied  field  angles  between  0°  and  90°  with  respect 
to  their  easy  axis  directions. 

J.  App*.  Pbya.  75  (10),  15  May  1904 


Figure  1(a)  shows  a  schematic  of  the  particle  orientation 
with  respect  to  the  applied  field  direction.  Figure  1(b)  shows 
the  switching  field  angular  dependence  measurement  of  the 
55  nm  diameter  particle.  The  angular  dependence  curve 
closely  follows  the  Stoner-Wohlfarth  behavior  indicated  by 
the  large  easy  axis  switching  field  (3150  Oe),  with  a  mini¬ 
mum  switching  field  value  near  45°.  With  further  increase  in 
the  applied  field  angle  beyond  4S°,  the  switching  field  again 
increases.  Extrapolating  the  data  points  to  90°,  gives  the  an¬ 
isotropy  field  H.—4100  Oe.  Such  behavior  has  never  been 
observed  in  macroscopic  measurements.  Figure  1(c),  shows 
the  angular  dependence  curve  for  the  slightly  larger  57  nm 
diameter  particle.  Although  the  particle  size  is  similar,  its 
angular  dependence  curve  shows  a  near-inverse -cosine  de¬ 
pendence  suggesting  incoherent  switching.  At  small  angles, 
the  switching  field  is  approximately  900  Oe.  than  increases 
sharply  as  the  field  angle  increase  beyond  70°  (H.—2500 
Oe).  The  angular  dependence  curve  for  the  large  diameter 
panicle  (75  nm)  shows  similar  incoherent  characteristics  as 
shown  in  Fig.  1(d).  The  easy  axis  switching  field  is  —1300 
Oe.  The  switching  field  at  65°  dips  slightly  then  sharply  in¬ 
creases  with  further  increase  in  the  applied  field  angle 
(H,~3100  Oe). 

M.  DISCUSSION 

It  is  interesting  to  note  the  large  difference  in  the  easy 
axis  switching  field  between  the  two  nearly  identical  size 
particles  (55  and  57  nm  diam).  Even  though  they  have  dif¬ 
ferent  aspect  ratios,  this  still  does  not  explain  the  full  mag¬ 
nitude  of  the  easy  axis  switching  field  difference.  Further¬ 
more,  a  calculation  of  the  particle’s  crystalline  anisotropy 
field,  calculated  from  the  measured  anisotropy  field 
[H„(90°)]  and  the  known  thicknesses  of  these  particles,  was 
found  to  be  nearly  identical  for  all  three  particles.  This  indi¬ 
cates  that  the  variations  in  the  switching  fields  are  not  due  to 
differences  in  the  doping  level  among  the  particles.  The 
source  of  the  peculiar  differences  in  the  angular  dependence 
behavior  remain  unclear. 

To  better  understand  this  observed  phenomenon,  a  mi¬ 
cromagnetic  simulation  study  was  conducted  using  the  cal¬ 
culation  method  that  has  been  described  in  a  previous 
article.5  The  previous  calculation  showed  that  a  uniformly 
doped  particle  could  not  account  for  the  measured  switching 
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FIG.  1.  (a)  Schematic  of  the  particle  orientation  with  respect  to  the  applied  held  direction,  (b)  Experimental  switching  field  angular  dependence  curves  for  the 
SS  tun  diam  particle,  (c)  57  nm  diam  particle,  and  (d)  75  am  diam  particle.  The  micromagnetk  simulation  switching  field  values  are  shown  by  the  solid  lines. 


field  values.  In  this  case,  we  assume  that  the  doping  of  Co-Ti 
is  spatially  inhomogeneous.  In  other  words,  the  particle  is 
modeled  as  having  small  regions  of  excessive  doping  and 
other  regions  in  the  particle  having  less  doping  compared  to 
the  volume  average  doping  level.  The  result  is  a  particle  that 
has  random  dispersion  and  a  random  spatial  distribution  of 
the  local  crystalline  anisotropy  constant.  The  switching  field 
angular  dependence  simulation  results  are  shown  by  the  solid 
lines  in  Figs.  1(b),  1(c),  and  1(d)  corresponding  to  the  55, 57, 


and  75  nm  diam  particles,  respectively.  The  simulation  re¬ 
sults  closely  predict  both  the  magnitudes  and  the  shape  of 
their  angular  dependence  curves.  For  each  particle  model,  a 
different  spatial  distribution,  generated  by  using  different 
random  seed  numbers  were  used.  Even  though  each  set  has 
the  same  volume  average  anisotropy  value,  each  set  gave  a 
different  angular  dependence  curves.  This  suggests  that  the 
reversal  mechanism  strongly  depends  on  the  specific  spatial 
details  of  the  anisotropy  distribution.  To  understand  this  in 


.'^vvvvXv. 

4  4  4  ♦  4 4 4 #*•••*•••  •  OQQOQGOQOGGQQ'Gltt^Q 
4  ♦  XMAMA*  ••••••••  OOOGOOOOGOOOOQtsaQG 

♦  ♦  4.4AXXMA*  •  •••••••  OOOOOOOQOOOOOQOOOOQ 

MAMAtAMA*  •••***  OOOGOOOOOOCJOGGGOOO 
MAtAtAlAXX*  •••**  OOQO9O00O0Q000OQO 
4  4  4  4  4  4  4 4  4XX %••••  qqqqqoqogqqooqoo 

If  f  4  4  4  ^  •  ©OOOOOOOGOOOGOO 

4  4  4  4  4  4  G  G  <?  0  G  Q  OG0OOOOO 

404444$  X  <5OO<5OOQ0<50O0O 

O  O  0  O  <J  o  <3  XXX^’*-  0QQG<5000<5Q0<5 

0  0  0  0  ©  Q  4  IVXX  QOOQO000000 

a o  c o  ©  g  b XXX  oooooooooo 

b)  c) 


FIG.  2.  The  tnpweol  magnetization  configuration  ,( various  stages  during  the  switching  process  for  the  57  nm  diam  particle.  The  small  arrows  represent  each 
segment’,  magnetization  vector  which  initially  points  up.  The  applied  held  direction  is  down  into  the  page.  The  normalized  average  magnetization  values  (or 
the  four  mat  are;  (a)  re, *0.8,  (b)  ■,“0.4,  (c)  an, =0.2.  (d)  ■,•0.2. 
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FIG.  3.  The  transient  magnetization  configuration  during  the  switching  process  for  the  35  am  dum  psrtide  The  normalized  average  magnetization  values  for 
the  four  states  are;  (a)  a,  =0.8,  (b)  ■I=0.6,  (c)  ■,*0.2. 
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more  detail,  we  examined  the  easy  axis  transient  magnetiza¬ 
tion  configurations.  Figures  2  and  3  display  the  magnetiza¬ 
tion  configuration  for  the  57  and  55  nm  diam  particle  at 
various  stages  during  the  irreversible  switching  process  re¬ 
spectively.  In  each  case,  nucleation  initiates  along  an  edge 
boundary  of  the  particle  [Figs.  2(a)  and  3(a)].  The  special 
anisotropy  distribution  for  the  57  nm  diam  particle  model 
shows  that  the  nucleation  site  is  a  region  of  reduced  crystal¬ 
line  anisotropy.  Because  of  this  local  anisotropy  reduction, 
the  edge  region  nucleated  at  applied  field  value  that  is  much 
less  than  its  anisotropy  field.  Once  the  edge  region  switches, 
it  forms  a  reverse  domain  as  shown  in  Fig.  2(b).  The  re¬ 
versed  region  expands  and  switches  completely  by  the 
propagation  of  a  domain  wall  [Fig.  2(c)],  This  incoherent 
switching  mode  is  consistent  with  the  approximate  inverse- 
cosine  angular  dependence  behavior  measured  experimen¬ 
tally  [refer  to  Fig.  1(b)].  The  magnetization  configuration  for 
the  55  nm  diam  particle  shown  in  Fig.  3,  shows  a  switching 
configuration  that  is  nearly  coherent.  The  crystalline  anisot¬ 
ropy  distribution  for  this  particle  shows  that  there  were  only 
moderate  degree  of  anisotropy  dispersion  along  the  edge  of 
the  particle  while  most  of  doping  variation  occurred  in  the 
interior  regions  of  the  particle.  This  indicates  that  large  an¬ 
isotropy  dispersion  at  the  interior  regions  does  not  signifi¬ 
cantly  affect  the  switching  process.  Therefore,  once  the  onset 
of  nucleation  occurs  along  an  edge,  the  rest  of  the  particle 
also  begins  to  switch  because  the  applied  field  value  is  close 
to  the  anisotropy  field  value  [Figs.  3(b)-3(d)].  This  quasico- 
herent  switching  mode  is  consistent  with  the  near-Stoner- 
Wohlfarth  switching  field  angular  dependence  curve  ob¬ 
served  experimentally  [refer  to  Fig.  1(b)]. 

The  transient  magnetization  configuration  for  the  large 
diameter  (75  nm)  particle  also  shows  a  highly  incoherent 
edge  nucleation,  domain  wall  propagation  mode.  Quasico- 
herent  switching  mode  was  never  observed  in  any  of  the 
simulations  for  any  given  anisotropy  distribution  in  the  large 
size  particle. 

IV.  CONCLUSION 

The  switching  field  angular  dependence  of  individual 
barium  ferrite  recording  particles  has  been  experimentally 
measured  for  the  first  time. 


Measurements  of  three  particles  55,  57,  and  75  nm  diam 
particles  revealed  significant  differences  in  their  angular  de¬ 
pendence  behavior  from  a  near-Stoner- Wohlfarth  to  an  near- 
inverse  cosine.  Micromagnetic  simulation  could  accurately 
predict  the  experimental  observations  when  the  effects  due  to 
nonuniform  doping  of  Co-Ti  were  included.  The  specific  na¬ 
ture  of  the  switching  mode  and  the  nucleation  field  are  sig¬ 
nificantly  affected  by  the  detail  spatial  doping  distribution 
within  the  particle.  Inhomogeneous  doping  of  Co-Ti  can 
form  small  local  regions  of  reduced  crystalline  anisotropy. 
These  small  regions  spawn  nucleation  sites  along  the  edge 
boundaries  of  the  particle,  where  switching  initiates  at  very 
small  easy  axis  field  values.  In  such  cases,  the  reversal  oc- 
cuts  by  a  highly  incoherent  edge  nucleation,  domain  wall 
propagation  mode.  Inhomogeneous  doping  that  occurs  pri¬ 
marily  in  the  interior  regions  does  not  significantly  influence 
the  switching  process.  When  the  anisotropy  dispersion  oc¬ 
curs  in  this  fashion,  then  irreversible  switching  occurs  at 
field  values  nearly  equal  to  its  anisotropy  field.  In  these 
cases,  switching  occurs  by  a  quasicoherent  mode. 

In  the  larger  size  particles,  incoherent  reversal  becomes 
the  preferred  switching  configuration  independent  of  the  de¬ 
tail  spatial  anisotropy  distribution. 
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Co-Sn  substituted  barium  ferrite  particles,  BaFel2-iICoJSn1019  (0<x<sl.4),  have  been 
investigated  using  x-ray,  VSM,  and  Mossbauer  spectroscopy.  The  magnetocrystaUirie-anisotropy 
constant  has  been  determined  as  a  function  of  x  from  in  analysis  of  the  approach  to  magnetic 
saturation.  Mossbauer  spectra  indicate  that  Co2*  and  Sn4*  ions  have  a  strong  preference  for  the  2b, 
4/vr,  and  12*  sites.  The  reduced  anisotropy  constants  Jk  =  AT1(jr)/AT1(0)  have  been  calculated  based 
on  the  single-ion  model  and  the  site  preferences  and  agree  well  with  the  measured  values.  The  origin 
of  the  magnetic  changes  caused  by  Co2*  and  Sn4*  substitution  can  be  attributed  to  the  site 
preferences. 


I.  INTRODUCTION 

M- type  barium  ferrites,  because  of  their  large  intrinsic 
uniaxial  anisotropy  and  high  coercive  force,  have  been 
widely  used  as  permanent  magnets  and  microwave  devices. 
When  various  combinations,  such  as  Co-Ti  or  Co-Sn,  are 
substituted  for  some  iron  in  Af-type  barium  ferrite  particles, 
the  coercivity  is  substantially  reduced  with  only  a  little 
change  in  the  saturation  magnetization.1'2  Recently  it  has 
been  realized  that  these  substituted  materials  are  suitable  for 
use  in  high  density  and  perpendicular  recording  media.3  5 
However,  the  Co-Ti  substituted  barium  ferrite  particles  have 
a  larger  temperature  coefficient  of  coercive  force,  dHJdT, 
as  compared  to  acicular  particles  of  y—  Fe203,  and  it  can  be 
improved  by  a  third  element,  Sn,  substitution.6  On  the  other 
hand,  it  was  reported  that  Co-Sn  substituted  barium  ferrite 
particles,  BaFe , 2  _ ^Co^Sn.0 , 9  with  x=l. 10-1.40,  had  a 
small  temperature  coefficient  for  Hc  and  were  suitable  for 
magnetic  recording.2 

In  an  attempt  to  shed  more  light  on  the  origin  of  the 
magnetic  changes  when  the  substitutions  are  made,  the  fam¬ 
ily  of  compounds,  BaFe,2  ^Co^Sn^O,,.  where  x  ranges 
from  0  to  1.4,  has  been  prepared  and  investigated  using  x-ray 
diffraction,  a  vibrating  sample  magnetometer  (VSM),  and 
Mossbauer  spectroscopy.  The  number  of  iron  ions  at  each  of 
the  crystallographic  sites  as  a  function  of  x  has  been  inferred 
from  the  Mossbauer  spectra.  It  was  found  that  the  Co2*  and 
Sn4*  ions  have  a  strong  preference  for  2b,  4/Vi,  and  12* 
sites.  The  Fe  contributions  to  the  anisotropy  from  each  site 
have  been  calculated  on  the  basis  of  the  single-ion  model  and 
compared  to  the  experimental  results;  they  agree  remarkably 
well. 

II.  EXPERIMENTAL 

The  samples  BaFe12-2JCo,Sni019  with  x=0-1.4  in 
steps  of  0.2  were  prepared  using  the  chemical  coprecipitation 
technique.  After  the  coprecipitation  products  were  filtered 
out,  no  Sn4*  ions  were  detected  in  the  remaining  solution. 
The  details  of  the  sample  preparation  have  been  published 
elsewhere.7  The  structure  and  lattice  parameters  of  all 
samples  were  determined  using  x-ray  diffraction.  The  spe¬ 
cific  magnetization,  <r„  and  the  coercive  force,  Hc,  were 


measured  with  a  VSM  (Vibrating  Sample  Magnetometer) 
with  a  maximum  field  of  16  kOe.  The  law  of  approach  to 
saturation  was  applied  to  determine  the  anisotropy  fields, 
Hk,  and  the  anisotropy  constants  X, .  Mossbauer  spectra 
were  taken  using  a  constant  acceleration  spectrometer  with  a 
triangular  drive  and  a  30  mCi  source  of  57Co  in  a  Rh  matrix. 
A  proportional  counter  made  by  Harwell  and  a  multichannel 
analyzer  CMCA 1000  with  512  channels  were  used  to  collect 
the  spectra.  The  velocity  of  the  spectrometer  was  calibrated 
using  the  six-line  spectrum  of  an  or-Fe  foil.  All  Mossbauer 
spectra  were  folded  and  fined  with  a  least-squares  computer 
program. 

IN.  RESULTS  AND  DISCUSSION 

The  x-ray  diffraction  patterns  show  that  all  the 
BaFel2_2iCoiSnJ019  (0«x=sl.4)  have  the  magneto- 
plumbite  structure;  no  trace  of  other  phases  was  detected. 
Although  the  lattice  constant  a  does  not  change  significantly 
with  x,  the  constant  c  does  increases  monotonically  from 
23.272  to  23.402  A  as  x  increases  from  0  to  1.4.  This  may 
be  attributed  to  the  larger  radius  of  Sn4*  (0.71  A)  as  com¬ 
pared  to  that  of  Fe3*  (0.63  A). 

The  specific  magnetization,  am ,  the  remanence,  a, ,  the 
anisotropy  constant  AT,  and  the  coercive  force  Hc ,  are  listed 
in  Table  I  for  various  x.  Clearly,  although  the  anisotropy 
constant  X,  and  coercivity  Hc  substantially  decrease  as  x 
increases,  the  specific  magnetization  <r„  only  decreases  by  a 


TABLE  I.  Magnetic  properties  of  BaFeJ2_2*CQ,SiiI0,9  with  0<x«1.4;  the 
specific  magnetization  crM,  remanence  <rr,  crystalline  anisotropy  constant 
Ki ,  and  coercive  force  Hr. 


X 

crm  (emn/g) 

oy  (emu/g) 

*,(10*  eij/cnj’) 

H,{  Oe) 

0.00 

63.6 

33.12 

2.84 

4800 

0.20 

61.5 

32.82 

2^3 

3875 

0.40 

61.2 

32.13 

2J0 

2925 

0.60 

59.6 

30.31 

1.89 

1965 

0.80 

59.6 

29.21 

1.62 

1560 

0.95 

58.5 

28.22 

1.43 

1180 

1.10 

58.7 

27.58 

1.23 

996 

1.20 

57.9 

25.28 

1.12 

762 

1.40 

56.2 

22.19 

0.94 
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FIG.  1.  Room  temperature  Mdssbauer  spectra  for  BaFe12-2rCo^oxOi9  (a) 
with  (Kx<0.6  and  (b)  with  0.8«<«1.4. 

relatively  small  percentage.  The  Hc  value  for  the  unsubsti¬ 
tuted  sample  is  too  high  for  magnetic  recording  applications. 
When  rr=  1.1-1. 4  it  is  suitable  for  magnetic  recording  media. 

Room-temperature  Mdssbauer  spectra  for 
BaFea_i,Coj[Sn<019  (0<x«1.4)  are  shown  in  Fig.  1.  All 
spectra  were  fitted  with  four  six-line  subpatterns  that  were 
assigned  to  the  4/,y-2a  (which  are  not  resolvable),  2b, 
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4/v,,  and  121  sites  of  the  hexagonal  crystal  structure.  The 
relative  areas  of  the  four  subpatterns  were  assumed  to  corre¬ 
spond  to  the  number,  N,  of  iron  ions  on  the  corresponding 
sites.  By  comparing  the  relative  spectral  areas  of  the  substi¬ 
tuted  to  the  unsubstituted  samples  the  number  N  is  obtained 
for  each  site  as  shown  versus  x  in  Fig.  2.  The  number  of  iron 
ions  does  not  change  much  for  the  4fn-2a  site,  but  de¬ 
creases  for  the  2b,  4/v,,  and  124  sites  with  increasing  x.  In 
Other  words,  the  Co2+-Sn4+  ions  have  a  strong  preference 
for  the  2b,  4/v,,  and  124  sites. 

The  hyperfine  fields  for  each  site  deduced  from  com¬ 
puter  fitting  as  a  function  of  x  are  listed  in  Table  11.  For  all 
sites  the  hyperfine  fields  decreased  only  slightly  with  in¬ 
creasing  x.  Usually  the  magnetization  is  proportional  to  the 
hyperfine  field.  This  result  is  in  a  good  agreement  with  mag¬ 
netic  measurements. 

The  single-ion  model  predicts  that  the  largest  contribu¬ 
tion  to  ft:  magnetocrystalline  anisotropy  is  from  the  2b  site. 
However,  the  contributions  from  the  other  sites  cannot  be 
neglected;  the  124  site  has  a  negative  value.8  The  contribu- 


TABLE  0.  The  hyperfine  fields  of  BaFe^-^COjSn^O,,  with  0«x<1.4( 
deduced  from  computer  fitted  Mossbauer  spectra  for  each  site  as  s  function 


X 

4/v,  (kOe) 

4/„+2a(kOc) 

124:  (kOe) 

2b  (kOe) 

0.00 

516.4 

4943 

415.3 

404.1 

0.20 

514.7 

4913 

415.2 

402.2 

0.40 

5114 

487.7 

414.7 

401.2 

0.60 

5093 

484.7 

413.6 

400.7 

0.80 

506.2 

479.0 

410.6 

394.1 

0.95 

5043 

476.9 

410.6 

3915 

1.20 

501.9 

470.1 

405.6 

392.5 

1.40 

493.1 

466.0 

400.0 

386.6 
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TABLE  ill.  The  values  of  A,  for  a  single  Pc'’  Km  aleach  barium  ferrite  site 
alOK. 


Site 

2a 

2b 

*/tv 

4/v  1 

12* 

K  |  (cm  ‘/ioo) 

0.23 

1.40 

0.18 

0.51 

-0.18 

lions  to  the  anisotropy  constant,  K, ,  of  a  single  iron  ion  at 
each  site  can  be  found  in  Ref.  8;  for  convenience  these  val¬ 
ues  are  given  in  Table  III.  The  higher-order  anisotropy  con¬ 
stants  are  zero  for  all  sites. 

Based  on  the  number  of  iron  ions  at  each  site  obtained 
from  the  Mossbauer  results  and  the  values  of  for  each 
site  the  total  value  of  K ,  for  Co-Sn  substituted  barium  ferrite 
as  a  function  of  x  obtained  is  listed  in  Table  IV.  For  com¬ 
parison  purposes  a  reduced  anisotropy  constant  k  is  defined 
as  the  ratio  of  the  anisotropy  constant  K,(x)  for  the  substi¬ 
tuted  to  that  for  the  unsubstituted  barium  ferrites  /sj(0) 
[k  =  K|(jr)/K|(0)];  these  are  also  listed  in  Table  IV.  Lack 
of  information  precluded  taking  the  Co2  ’  contributions  into 
account.  The  measured  k(x)m  and  calculated  k(x)c  agree 
well  as  shown  in  Fig.  3.  It  is  important  to  note  that  Co2*  is 
a  magnetic  ion  and  usually  makes  a  large  contribution  to  the 
anisotropy  constant  in  the  ferrites,  for  example,  in  y- 
Fe203 .  In  this  experiment  the  good  agreement  between  the 
measured  k(x)m  and  calculated  k(x)c  values  without  taking 
into  account  any  Co2*  contribution  may  be  because  the 
Co2*  contributions  at  the  different  sites  cancel  or  because 
the  Co2*  moment  is  quenched.  The  contribution  made  by 
Co2*  ions  requires  further  clarification. 

The  Mossbauer  spectra  show  that  the  Co2*  and  Sn4* 
ions  prefer  the  2b,  4/vl,  and  12*  sites.  It  is  of  interest  to 
consider  various  distributions  of  the  Co2*  and  Sn4*  ions 
over  these  sites.  If,  for  example,  the  Co2*  and  Sn4*  ions 
occupy  the  2b,  4/Vi,  and  12*  sites  nndomly,  that  is,  1/9 
occupy  the  2b  site,  2/9  the  4/v,  site,  and  6/9  the  12*  site, 
then  the  calculated  k(x)c  decreases  with  increasing  x  much 
more  slowly  than  the  experimental  data.  Hence,  this  is  un¬ 
likely.  If  relatively  more  Co2*  and  Sn4*  ions  occupy  the  2b 
and  4/vi  sites  than  the  12*  sites,  for  example,  if  3/12,  4/12, 
and  5/12  occupy  the  2b,  4 fn,  and  12*  sites,  respectively, 
then  the  calculated  value  of  *,(x),  agrees  well  with  experi- 

TABLE  IV.  The  uniaxial  anisotropy  constant  K,  calculated  from  the  single- 
ion  model,  the  calculated  reduced  anisotropy  constant,  k(x)e,  and  the  mea¬ 
sured  reduced  anisotropy  constant  k(x)m  for  BaFel2-2,Co,SnI019  with 
Osxsl.4. 


X 

Kx  (cm'Vion) 

*(•*)<• 

*(X)„ 

0.00 

1.93 

1.00 

1.00 

0.20 

J  .68 

0.87 

0.89 

0.40 

1.48 

0.77 

0.81 

0.60 

1.33 

0.69 

0.67 

0.80 

1.10 

0.57 

0.57 

0.95 

1.02 

0.53 

0.51 

1.20 

0.84 

0.44 

0.39 

1.40 

0.72 

0.37 

0.34 

FT G.  3.  Reduced  magnetic  anisotropy  constant,  k,  as  measured  and  as  cal¬ 
culated  from  the  single-ion  model  as  a  function  of  concentration  x. 

mental  data.  This  particular  distribution  is  consistent  with  the 
Mossbauer  results.  It  also  predicts  that  when  x-2.4  the 
uniaxial  anisotropy  will  vanish,  i.e.,  *(2.4)=0;  then 
BaFe  1 2  _  22 Co^Sn,  0, 9  with  x»2A  will  have  planar  anisot- 
ropy. 

The  agreement  between  the  calculated  and  measured  re¬ 
duced  anisotropy  constants,  k(x),  leads  to  the  conclusion 
that  the  Co2*  and  Sn4*  ions  prefer  the  2b,  4/vl,  and  12* 
sites  with  the  probability  3/12,  4/12,  and  5/12,  respectively. 
The  single-ion  model  for  the  magnetic  anisotropy  agrees 
with  the  experimental  results.  The  origin  of  the  magnetic 
changes  caused  by  the  substitution  can  be  accounted  for  by 
considering  only  the  site  preferences  of  the  Co2*  and  Sn4* 
ions. 
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Magnetic  properties  of  modified  Ba-ferrite  particles 

H.  Sadamura,  N.  Sugrta,  M.  Maekawa,  and  N.  Nagai 

R&D  Division,  Toda  Kogyo  Corporation,  4-1-2  Funairi-minami,  Nako-ku,  Hiroshima-shi,  Hiroshima  730, 
Japan 

Modification  with  magnetite  on  Ba-ferrite  particles  was  carried  out  by  heating  alkaline  suspension 
including  Ba-ferrite  particles  and  Fe2+  hydroxides  as  described  by  Kiyama  ei  at.  [J.  Solid  State 
Cbem.  99,  329  (1992)]  to  get  higher  magnetization.  As  a  result  of  x-ray  powder  diffraction 
measurements,  reflection  intensity  of  magnetoplumbite  phase  decreases  and  that  of  spinel  phase 
increases  with  increase  of  Fe2+  quantity  added,  simultaneously.  Coercive  force  goes  down  and 
magnetization  increases  as  Fe2+  quantity  added  increases.  The  differential  hysteresis  loop  of  the 
mixed  samples  (Ba-ferrite  particles  and  magnetite  particles)  has  two  peaks.  And  that  of  the  modified 
samples  has  only  one  peak.  From  these  results,  it  becomes  clear  that  there  exists  strong  magnetic 
interaction  between  Ba-ferrite  core  and  magnetite  shell.  The  measurements  of  temperature 
dependence  of  magnetization  at  the  applied  field  of  about  16.5  kA/m  shows  that  the  Hopkinson  peak 
shifts  toward  higher  temperature  with  increase  of  the  modified  amount.  It  also  indicates  the  strong 
magnetic  interaction  between  core  and  shell  materials. 


I.  INTRODUCTION 

Magnetic  recording  media  will  be  classified  into  thin 
film  type  and  coating  type.  And  most  commercially  available 
media  are  coating  type  made  by  coating  the  support  material 
with  a  dispersion  of  magnetic  particles  in  an  organic  binder.1 
In  magnetic  materials  for  coating  type,  the  research  and  de¬ 
velopment  on  Ba-ferrite  particles  and  its  application  on  the 
high  density  recording  becomes  activated  recently,2-4  since 
Ba-ferrite  tapes  have  the  perpendicular  anisotropy  and  small 
switching  field  distribution.5  If  the  magnetization  of  Ba- 
ferrite  could  be  increased,  the  possibility  will  become  higher. 
Therefore  the  modification  with  magnetite  or  Co-ferrite  on 
Ba-ferrite  particles  have  been  investigated  to  increase 
magnetization.6  ft  was  also  investigated  that  the  easy  axis 
was  deviated  from  c-axis  in  such  modified  Ba-ferrite 
particles.6 

As  mentioned  above,  switching  field  distribution  (SFD) 
is  very  important  specially  in  the  field  of  high  density  mag¬ 
netic  recording.  The  SFD  can  be  evaluated  from  the  differ¬ 
ential  hysteresis  loop.  Therefore,  it  is  the  purpose  to  show  the 
differences  between  the  mixed  samples  and  the  modified 
samples  by  measuring  the  differential  hysteresis  loop  and 
temperature  dependence  of  magnetization. 

II.  EXPERIMENTAL 

The  platelet  Ba-ferrite  particles  (sample  No.  A-0)  substi¬ 
tuted  by  Ni,  Ti,  and  Zn  were  used  as  a  core  material,7  which 
had  a  specific  surface  area  of  50  m2/g,  an  average  diameter 
of  0.05  /sm,  an  aspect  ratio  of  5  to  6,  a  coercive  force  of  130 
kA/m  and  a  saturation  magnetization  of  57  A  m2/kg. 

First,  the  particles  were  dispersed  in  alkaline  suspension 
(NaOH  concentration  of  2.5  mol//).  The  modification  of 
core  particles  was  performed  with  Fe2+  of  5,  10,  and  20 
wt  %  with  respect  to  core  material.  The  source  of  Fe2+  was 
FeS047H20  aqueous  solution.  Then  this  well-mixed  suspen¬ 
sion  was  heated  to  boiling  and  stirred  for  5  h  with  N2  bub¬ 
bling.  The  modified  particles  in  alkaline  suspension  were  fil¬ 
tered,  well-washed  and  dried  at  50  °C  in  air.  The  modified 


samples  with  Fe2+  of  5,  10,  and  20  wt  %  is  corresponding  to 
A-l,  A-2  and  A-3,  respectively. 

Furthermore,  the  mixed  samples  between  above- 
mentioned  Ba-ferrite  particles  and  spherical  magnetite  par¬ 
ticles  having  a  coercive  force  of  12  kA/m  and  a  saturation 
magnetization  of  85  A  m2/kg  were  prepared.  The  mixed  ra¬ 
tios  of  magnetite  particles  to  Ba-t'-rifr  particles  were  0,  10, 
30,  50,  ard  100  wt  %. 

Fe‘+  content  in  the  modified  samples  was  quantitatively 
analyzed  with  the  oxidation-reduction  titration.  Magnetic 
properties  were  measured  with  vibrating  sample  magnetome¬ 
ter  up  to  796  kA/m  at  298  K.  Temperature  dependence  of 
magnetization  was  measured  with  magnetic  balance  up  to 
873  K  at  the  applied  field  ot  aproximately  16.5  kA/m. 
X-ray  powder  diffraction  patterns  of  core  Ba-ferrite  and  the 
modified  samples  were  taken  with  F e  Ka  radiation.  BaS04 
content  in  the  sample  was  measured  by  gravimetric  analysis, 
after  it  had  been  dissolved  into  HQ  by  heating.  And  the 
relative  content  of  Fe304  in  each  sample  was  estimated  from 
the  corrected  saturation  magnetizations  of  the  modified 
samples,  using  a  saturation  magnetization  of  57  and  85 
A  m2/kg  for  Ba-ferrite  and  magnetite,  respectively,  as  al¬ 
ready  described  by  Kiyama  et  al.  8 

III.  RESULTS  AND  DISCUSSIONS 

A.  Mechanism  of  the  modification  of  Ba-ferrite  with 
magnetite 

Figure  1  shows  the  results  of  powder  x-ray  diffraction 
measurements  of  the  core  Ba-ferrite  sample  (A-0)  and  the 
modified  samples  (A-l  to  A-3).  Reflection  intensity  of  spinel 
phase  increases  and  that  of  magnetoplumbite  phase  decreases 
with  increase  of  Fe2+  quantity  added,  and  reflections  of 
BaS04  come  out  at  the  same  time. 

These  results  mean  that  Ba  ions  are  extracted  from  Ba- 
ferrite  particles  during  the  modification  process,  and  that 
Fe3+  ions  which  are  necessary  for  the  formation  of  Fe304  is 
supplied  from  Ba-ferrite  particles.  Therefore,  the  mechanism 
of  this  reaction  is  almost  same  as  that  of  Co-treatment  as 
described  in  Ref.  9. 
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FIG.  1.  X-ray  diffraction  patterns  of  the  fia-ferrite  particles  and  the  modified 
I  samples;  Ba-ferrite  core  (A-0)  and  those  modified  with  magnetite  of  17 

|  wt  %  (A-l),  34  wt  %  (A-2),  and  78  wt  %  (A-3).  And  peaks  are  denoted  as 

j  follows;  O:  Ba-ferrite,  •:  Fe304,  A:  BaS04. 

<  Specific  surface  area  and  magnetic  properties  of  these 

j  samples  are  shown  in  Table  1.  The  coercive  force,  Hc ,  de- 

1  creases  and  magnetization,  <rs,  increases  with  increase  of 

Fe2+  added.  They  are  attributed  to  the  formation  of  magne¬ 
tite  layer  on  Ba-ferrile  particles. 

B.  Difference  between  modified  sample  and  mbrad 
sample 

In  the  mixed  samples,  magnetization  increases  linearly 
and  coercive  force  decreases  monotonically  with  increase  of 
magnetite  content  as  shown  in  Fig.  2.  The  hysteresis  loop  of 
these  samples  is  distorted,  because  two  kinds  of  magnetic 
particles  those  have  different  magnetization  and  coercive 
force  exist.  On  the  other  hand,  that  of  the  modified  samples 
is  not  distorted.  These  situations  are  clearly  indicated  by  the 
differential  curve  of  hysteresis  loop. 

Figure  3  shows  dM/dH  as  a  function  of  applied  field  in 
the  reversing  process.  In  Fig.  3,  Hp  is  defined  as  the  field 
with  maximum  dM/dH.  In  case  of  the  mixed  samples,  there 
are  two  peaks  and  their  positions  do  not  vary  with  the  mag¬ 
netite  content  as  shown  in  Fig.  3(b).  And  Hp^  and  HPl  are 
corresponding  to  that  of  magnetite  and  Ba-ferrite,  respec- 


TABL£  I.  Analytical  resells,  specific  surface  area,  and  magnetic  properties 
of  the  modified  samples.  Magnetization  values  are  corrected  using  the  esti¬ 
mated  BaSO,  content. 


Simple  No. 

A-0 

A-l 

A-2 

A-3 

Analytical  Fe2*  content:  wt  % 

0 

2 J 

5.7 

11.8 

Estimated  Fc304  content  :  wt  % 

0 

17 

34 

78 

Estimated  BaS04  content:  wt  % 

0 

3.0 

7.5 

15.0 

Specific  surface  area:  m2/g 

50.0 

44.5 

38.5 

30.0 

Coercive  force,  H( :  kAto 

130.0 

95.5 

63.7 

26.3 

Magnetization,  <r, :  A  mVkg 

57.0 

61.8 

66.5 

78.2 

irjtr,:  — 

0.488 

0.464 

0.434 

0312 
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FIG.  2.  Coercive  force  (a)  and  magnetization  (b)  as  a  function  of  magnetite 
content  mixed  to  Ba-ferrite  particles. 

tively.  That  is,  magnetite  particles  and  Ba-ferrite  particles  are 
magnetically  independent  in  the  mixed  samples. 

However,  there  is  only  one  Hp ,  and  that  decreases  with 
increase  of  magnetite  content  in  the  modified  samples,  as 
shown  in  Fig.  3(a). 

Therefore  in  the  modified  sample,  there  is  the  magnetic 
interaction  between  the  Ba-ferrite  core  and  magnetite  shell. 
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FIG.  3.  dM/dH  curves  as  a  function  of  applied  field  in  the  reversing  pro¬ 
cess,  for  fa)  modified  samples  and  (b)  mixed  samples. 
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FIG.  4.  Temperature  dependence  of  low  field  magnetization  for  the  modified 
samples  of  A-0  to  A-3. 


C.  Magnetism  of  the  modified  particla 

Temperature  dependence  of  magnetization  of  Ba-ferrite 
particles  used  as  core  material  and  the  modified  samples 
were  measured  with  magnetic  balance  at  the  applied  field  of 
approximately  16.5  kA/m  as  shown  in  Fig.  4.  Curie  tempera¬ 


ture  of  core  Ba-ferrite  (A-0)  is  about  606  K,  just  below 
which  there  is  tbe  Hopkinsou  peak.10  And  that  of  magnetite 
is  about  800  K. 

For  all  samples,  there  is  a  peak  at  around  600  K,  which 
is  attributed  to  the  Hopkinson  effect.  The  peak  shifts  toward 
higher  temperature  and  becomes  broader  as  fee  modified 
amount  increases.  This  change  does  not  occur  in  simply 
mixed  samples  of  Ba-ferrite  and  magnetite  particles. 

As  described  in  Sec.  Ill  B,  these  results  also  indicate  that 
the  core  Ba-ferrite  particles  have  strong  magnetic  interaction 
with  the  modified  layer  of  magnetite. 
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Hc  enhancement  of  Co-adsorbed  yFe203  particles  via  surface  treatment 
with  sodium  polyphosphate 
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The  coercive  force  Hc  of  partially  reduced,  acicular  y-Fe203  particles  having  an  adsorbed  Co  layer 
(4  wt  %  Co;  Fe42/Fe+3*-0.09;  2000  Ax  240  A  particle  dimensions;  36  m2/g  specific  surface  area) 
increases  substantially  following  surface  treatment  with  (NaP03)„_14'Na20.  The  maximum 
observed  effect  occurs  at  a  polyphosphate- to-iron  oxide  weight  ratio  P/Fe  near  0.3,  denoted 
(P/F*)mu>  where  Hc  of  the  Co-adsorbed  oxide  increases  from  687  to  10%  Oe  immediately 
following  treatment.  The  latter  value  increased  to  1215  Oe  after  a  four  month  storage  in  an  argon 
environment  containing  less  than  1  ppm  H20  and  02,  suggesting  that  the  polyphosphate-oxide 
interaction  is  sensitive  to  moisture  or  oxygen.  Co-adsorbed  particles  containing  no  Fe+2  in  the  oxide 
core  also  exhibit  Hc  enhancement  following  surface  treatment,  but  the  change  in  Hc  is  substantially 
less  than  that  of  particles  containing  Fe42.  The  general  behavior  of  polyphosphate-treated 
Co-adsorbed  particles  is  observed  to  be  similar  to  that  of  treated  berthollide  particles  having  no 
adsorbed  Co  layer:  (i)  the  magnitude  and  sign  of  change  in  Hc  varies  with  P/Fe,  reaching  a  peak 
value  at  (P/Fe),^,,  (ii)  the  magnitude  of  increase  in  Hc  at  (P/Fe)^  depends  on  the  Fe42  content  of 
the  particle  core,  (iii)  saturation  magnetization  of  the  particles  treated  at  (P/Fe)^  is  essentially 
unchanged  from  that  of  the  untreated  precursor,  (iv)  Hc  of  specimens  treated  at  (P/Fe)^  returns  to 
the  value  of  the  untreated  precursor  when  the  polyphosphate  coating  is  removed  via  washing  with 
water,  and  (v)  particle  dissolution  occurs  when  P/Fe^fP/Fe)^ .  Studies  of  anisotropy  field 
distributions  show  that  there  is  no  obvious  bimodal  character  to  the  very  broad  distribution  of 
anisotropy  fields  found  in  randomly  oriented  specimens  of  surface-treated  particles. 


I.  INTRODUCTION 

Very  large  increases  in  the  coercive  force  of  acicular, 
partially  reduced  y- Fe203  particles  have  been  observed  fol¬ 
lowing  treatment  with  (NaP03)„-Na20,  where  n>7.1-7  The 
origin  of  this  phenomenon  is  still  unknown,  but  the  large 
change  in  the  coercive  force  following  treatment  and  its  re¬ 
versible  nature  suggest  that  the  increased  anisotropy  ema¬ 
nates  from  an  interaction  at  the  surface  of  the  oxide  particle 
with  the  polyphosphate  molecule.  The  strong  affinity  of 
polyphosphate  molecules  for  certain  metal  cations  has  led  to 
suggestions  that  the  phosphate  groups  in  the  polymer  mol¬ 
ecule  either  interact  directly  with  Fet2  ions,5  or  influence  the 
iron  cation  distribution  near  the  particle  surface,6'8  thereby 
producing  a  large  surface  anisotropy.  However,  Mossbauer 
investigations7  of  partially  reduced  y-Fe203  particles  having 
surfaces  enriched  with  57Fe  indicated  that  polyphosphate 
treatments  result  in  no  observable  changes  of  the  iron  cation 
distribution  at  the  polyphosphate-particle  interface. 

Since  the  polyphosphate  molecule  also  has  a  strong  af¬ 
finity  for  Co+2,9  it  seems  logical  to  question  whether 
y-Fe203  particles  having  an  adsorbed  layer  of  Co  also  can 
exhibit  Hc  enhancement  following  polyphosphate  treatment. 
Our  preliminary  studies7  have  indeed  demonstrated  that  Co- 
adsorbed  y-Fe20,  particles  do  respond  to  polyphosphate  sur¬ 
face  treatment.  We  have  extended  these  latter  studies  of  Co¬ 
adsorbed  particles  and  have  found  much  larger  Hc 
enhancement  than  previously  reported. 

M.  EXPERIMENT 

Details  of  the  method  used  for  the  polyphosphate  surface 
treatment  are  described  elsewhere.7  All  specimens  were  satu¬ 


rated  in  a  24  kOe  applied  field  prior  to  obtaining  the  M  vs  H 
curves  using  a  vibrating  sample  magnetometer,  where  M  is 
magnetization  and  H  is  applied  field.  All  resulting  values  for 
the  coercive  force,  Hc ,  and  magnetization  in  20  kOe  applied 
field,  defined  here  as  the  saturation  magnetization  M, ,  were 
corrected  for  the  weight  and  diamagnetism  of  the  polyphos¬ 
phate  matrix  as  well  as  the  diamagnetism  of  the  sample 
holder.  Anisotropy  field  distributions  were  measured  using 
the  technique  described  earlier  by  Sharrock.10 

The  iron  oxide  specimen  used  as  the  precursor  material 
for  this  study  consisted  of  acicular  particles  having  approxi¬ 
mately  2000  A  length  and  240  A  diam  with  36  m2/g  specific 
surface  area  (SSA).  The  particle  surface  contained  a  4  wt  % 
adsorbed  Co  layer.  The  Fe42/Fe43  cation  ratio,  obtained  from 
analysis7  of  the  Mossbauer  spectrum  of  the  precursor,  was 
approximately  0.09.  The  room  temperature  Ms  and  Hc  val¬ 
ues  for  randomly  oriented  precursor  particles  were  78.1 
emu/g  and  687  Oe,  respectively.  Earlier  studies2’3'5'7  have 
shown  that  the  Fe42  content  of  the  particle  core  influences 
the  magnitude  of  the  coercive  force  enhancement  in 
polyphosphate-treated  berthollides.  In  order  to  determine  if 
the  Fe+2  cation  had  a  similar  influence  in  iron  oxides  having 
an  adsorbed  Co  layer,  a  specimen  containing  only  Fe43  was 
prepared  by  heating  the  precursor  at  125  °C  for  24  h  under  a 
flowing  stream  of  oxygen  saturated  with  water.  The  x-ray 
powder  diffraction  pattern  of  the  oxide  produced  by  this 
treatment  was  identical  to  that  of  the  precursor,  with  no  de¬ 
tectable  quantities  of  a-Fe203  present.  Mossbauer  spectros¬ 
copy  confirmed  that  the  oxidized  specimen  contained  no 
Fe+2.  The  room  temperature  Ms  value  for  the  oxidized  pre¬ 
cursor  was  72.4  emu/g  and  Hc  was  623  Oe. 
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FIG.  1.  Dependence  of  the  room  temperature  coercive  force  oo  the  sodium 
poiyphospfiate-to-iroa  oxide  weight  ratio  P/Fe  for  Co-adsorbed  precursor 
(solid  circles),  and  oxidized  Co- adsorbed  precursor  (open  circles). 


IN.  RESULTS 

The  influence  of  various  polyphosphate  treatments  on 
the  coercive  force  of  Co-adsorbed  iron  oxide  particles  is 
shown  in  Fig.  1,  where  Hc  is  plotted  as  a  function  of  the 
sodium  polyphosphate-to-iron  oxide  weight  ratio  P/Fe.  Hc 

reaches  a  maximum  at  P/Fe =0.5  [denoted  <P/Fc) _ 1  for 

both  the  precursor  (Fe+2/Fe+3=0.09)  and  the  oxidized  speci¬ 
men  (Fe+2/Fe+3=0),  but  the  coercive  force  enhancement  for 
the  latter  specimen  is  about  one  third  that  observed  for  the 
precursor  oxide.  Hc  of  the  precursor  was  1096  Oe  immedi¬ 
ately  following  treatment  at  (P/Fe)^ ,  but  increased  to  1215 
Oe  after  a  4  month  storage  in  a  glove  box  filled  with  an 
argon  atmosphere  containing  less  than  1  ppm  H20  and  02. 
For  specimens  treated  at  P/Fe<0.7,  the  values  of  Ms  and 
remane  nee  ratio  did  not  appreciably  change  from  those  of  the 
untreated  powders.  Furthermore,  after  several  rinses  in  ultra- 
sonically  agitated  water,  the  Hc  and  Ms  of  the 
polyphosphate-treated  (P/Fe=0.5)  precursor  were  716  Oe 
and  78.6  emu/g,  respectively.  These  values  are  essentially  the 
same  as  before  treatment  and  demonstrate  that  the  adsorbed 
Co  layer  remains  intact  when  treatment  ratios  do  not  exceed 
P/Fe=0.7.  However,  when  P/Fe>0,7,  values  of  both  Ms  and 
remanence  ratio  were  substantially  reduced  relative  to  the 
values  for  the  untreated  materials.  Paramagnetic  Mossbauer 
subspectra  confirm  that  particle  dissolution  occurs  in  this  lat¬ 
ter  P/Fe  range.  These  results  are  similar  to  those  reported 
earlier7  for  iron  oxide  particles  having  no  adsorbed  Co  layer. 

Our  previous  studies7  of  the  anisotropy  field  (HK)  dis¬ 
tributions  of  polyphosphate-treated  berthoUides  were  based 
on  fits  of  the  first  quadrant  magnetization  data  to  log-normal 
distributions.  These  studies  demonstrated  that  polyphosphate 
surface  treatments  at  (P/Fe)^  resulted  in  large  increases  in 
mean  anisotropy  fields,  as  well  as  very  broad  distributions, 
the  latter  possibly  due  to  the  presence  of  bimodal  anisotropy 
distributions  in  the  treated  powders.  No  such  bimodal  char¬ 
acter  is  observed  in  the  anisotropy  field  distribution  of  the 
polyphosphate-treated  Co-adsorbed  precursor  (Fig.  2),  deter¬ 
mined  by  the  more  direct  technique  described  in  Ref  10.  This 
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FIG.  2.  Anisotropy  field  distributions  for  Co-adrosbed  precursor  before 
(open  circles)  and  alter  polyphosphate  surface  treatment  at  P/Fc-0.5  (solid 

circles). 


latter  method  determines  the  remanent  magnetization 
(measured  at  a  90°  angle  from  the  direction  in  which  the 
sample  was  previously  saturated)  that  results  after  applica¬ 
tion  of  successively  larger  positive  fields  applied  at  a  small 
angle  6  from  the  saturation  direction.  The  derivative  of  the 
resulting  remanence  vs  applied  field  curve  gives  the  HK  dis¬ 
tribution  of  the  sample.  In  the  studies  described  here,  the 
saturating  field  was  24  kOe,  0=5°,  and  the  field  increments 
were  in  the  range  100-500  Oe.  The  anisotropy  field  distri¬ 
butions  shown  in  Fig.  2  were  obtained  from  the  derivatives 
of  the  smooth  curves  drawn  through  the  remanence  vs  ap¬ 
plied  field  data  for  randomly  distributed  specimens  of  Co¬ 
adsorbed  precursor  before  and  after  polyphosphate  treatment 
at  P/Fe =0.5.  The  distribution  for  the  polyphosphate-treated 
material  shows  a  single  peak  in  the  HK  range  2000-3000  Oe 
with  a  long  broad  tail  extending  to  higher  fields.  Qualitative 
measurements  of  the  distribution  width  were  precluded  by 
the  presence  of  a  small  fraction  of  sample  that  switches  near 
zero  applied  field.  The  origin  of  this  behavior  is  currently 
unknown,  but  it  should  be  noted  that  inspection  of  the  M  vs 
H  curve  for  this  specimen  revealed  no  anomalous  decrease  in 
moment  near  zero  field.  The  distribution  for  the  untreated 
precursor  exhibits  a  peak  at  about  1260  Oe  and  a  fiill-width- 
at-half-maximum  of  about  2000  Oe. 

IV.  DISCUSSION 

Itoh  and  co- workers"  have  postulated  that  partially  re¬ 
duced  y-Fe^Oj  particles  contain  a  thin  surface  layer  having  a 
Fe+2/Fe+3  ratio  different  from  that  found  in  the  particle  core, 
and  that  this  layer  is  necessary  for  interacting  with  the  poly¬ 
phosphate  molecule  to  produce  increases  in  the  anisotropy. 
Mossbauer  studies7  of  particles  having  surfaces  enriched 
with  !7Fe,  however,  show  no  evidence  of  Fe+2  on  the  sur¬ 
face.  A  remarkable  feature  of  the  current  results  is  that  the 
additional  adsorbed  Co  layer  (about  a  monolayer)  on  the 
particle  surface  does  not  interfere  with  whatever  interaction 
may  exist  between  the  polyphosphate  molecule  and  the  Fe+2 
present  in  the  particle  core.  The  magnitude  of  the  change  in 
coercive  force  in  the  Co-adsorbed  precursor  is  about  the 
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same  as  that  of  berthollide  specimens  without  adsorbed  Co, 
so  that  the  polyphosphate  treatment  has  an  additive  effect  on 
particle  anisotropy.  For  the  oxidized  Co-adsorbed  precursor, 
the  change  in  Hc  is  greater  than  that  observed  for  y-Fe^ 
containing  no  Co*2  or  Fe*2,  but  much  reduced  from  that  of 
the  Co-adsorbed  precursor  material.  This  may  due  to  an  af¬ 
finity  of  the  polyphosphate  molecule  for  specific  sites  on  the 
particle  surface,  such  as  the  spinel  B  site  which  contains 
divalent  Fe+2  and  Co*2  cations.  If  this  is  the  case,  it  is  rea¬ 
sonable  to  expect  that  the  available  preferred  sites  on  the 
particle  surface  will  be  saturated  with  polyphosphate  mol¬ 
ecules  at  the  peak  treatment  ratio  (P/Fe),^ .  Using  36  m2/g 
for  the  specific  surface  area  of  the  Co-adsorbed  precursor, 

(P/Fc) _ =0.5.  and  1489  g/tnol  for  the  formula  weight  of  the 

sodium  polyphosphate  (/i-»14  chain  length)  used  in  these 
studies,  we  find  that  there  are  six  polyphosphate  molecules 
per  100  A2  of  available  oxide  surface  when  coercivity 
reaches  a  maximum.  The  same  value  is  obtained  for  precur¬ 
sors  1  and  2  of  our  earlier  studies.7  This  reasoning  suggests 
that  the  value  of  (P/Fel^  should  scale  with  the  specific 
surface  area  of  the  particle  specimen.  Therefore,  if  the  six 
molecules/100  A2  value  is  typical  for  all  polyphosphate- 
treated  y-Fe^Oj  particles,  precursor  3  (SSA=26  m2/g,  see 
Ihble  I,  Ref.  7)  should  exhibit  a  peak  in  the  Hc  vs  P/Fe  curve 
at  (P/Fe)„..=0.4.  This  value  is  exactly  where  the  peak  en¬ 
hancement  was  observed.6,7 

The  computed  polyphosphate  surface  density  corre¬ 
sponds  closely  to  the  number  density  of  cation  A  or  B  sites  in 
the  (110)  plane  of  the  spinel  structure.  Fukumoto  et aLn 
have  shown  that  there  are  6.8X1022  A  sites  on  the  (110) 
surface  planes  of  a  400  g  specimen  of  y-Fe^  powder  with 
SSA=33  m2/g.  Using  these  numbers,  and  the  fact  that  the 
number  of  A  and  B  sites  in  the  spinel  (110)  plane  is  the  same, 
the  density  of  A  or  B  sites  in  this  plane  is  calculated  to  be  3 
sites/100  A2.  Thus,  one  possible  explanation  for  the  variation 
of  Hc  with  P/Fe  (Fig.  1)  may  be  that  the  polyphosphate 
molecule  interacts  with  only  one  of  the  two  metal  cation  sites 
when  P/Fe«(p/Fe),n„  -  When  P/Fe>(P/Fe)mM  polyphosphate 
begins  to  interact  with  the  other  site,  the  latter  providing  a 
deleterious  effect  on  anisotropy.  Hc  then  falls  to  near  the 
original  value  when  all  available  A  and  B  sites  are  saturated 
with  polyphosphate  molecules.  Direct  interaction  with  the  A 
and  B  sites  may  not  be  necessary  but  may  instead  occur  via 
adjacent  surface  active  moeities.  In  fact,  Sugihara  and 
co-workers13  present  evidence  that  surface  OH"  groups 
(having  densities  between  3  OH'/lOO  A2  for  y-Fe203  and  6 
OH"/100  A2  for  Fe30«)  bond  with  oleic  acid  surfactant  mol¬ 
ecules.  The  one-to-one  relationship  between  the  number  of 
adsorbed  oleic  acid  molecules  and  available  OH"  groups13 
suggests  that  these  intermediates  may  play  a  role  in  bonding 
with  surfactant  molecules  such  as  polyphosphate. 

The  surface  density  of  polyphosphate  implies  that  these 
chainlike  molecules  tend  to  orient  themselves  perpendicular 
to  the  particle  surface.  Computations  based  on  published14 


interatomic  distances  and  angles  for  long  chain  polyphos¬ 
phates  show  that  a  polyphosphate  chain  with  a  — 14  would 
require  104  A2  of  an  adjacent  surface  if  the  chain  axis  was 
aligned  parallel  to  it,  but  only  5  A2  if  aligned  perpendicular 
to  the  surface.  At  (F/Fe)^  we  find  that  the  perpendicular 
orientation  of  the  polyphosphate  chain  covers  only  40%  of 
the  available  surface,  whereas  the  parallel  orientation  would 
hypothetically  cover  790%  of  the  particulate  surface.  These 
results  are  entirely  consistent  with  the  conclusions  of  Itoh 
et  aL,'5  who  reported  that  the  interaction  between  the  poly¬ 
phosphate  chain  and  oxide  surface  occurs  via  the  chain  ter¬ 
minal  groups.  Thus,  the  circumstantial  evidence  presented 
here  seems  to  suggest  that  the  enhanced  anisotropy  is  due  to 
polyphosphate  molecule  association  with  either  the  A  or  B 
metal  sites,  or  surface  functional  groups  that  have  the  same 
density  as  these  sites,  and  that  the  interaction  occurs  with  the 
terminal  phosphate  groups  of  the  polyphosphate  chain. 

In  conclusion,  we  find  that  polyphosphate  surface  treat¬ 
ments  of  Co-adsorbed  y-Fe203  particles  result  in  substantial 
Hc  enhancement,  as  observed  in  berthollide  particles  having 
no  adsorbed  Co  surface  layer.  Hc  enhancement  via  poly¬ 
phosphate  treatments  appears  to  be  additive,  because  the 
changes  in  Hc  at  (P/Fe)„„  have  approximately  the  same 
magnitude  for  both  types  of  particles.  The  change  in  Hc  for 
oxidized  Co-adsorbed  precursor,  however,  is  about  double 
that  observed7  for  y-Fe203  containing  no  Fe*2,  implying  that 
the  divalent  Co*2  ion  has  some  role  in  the  interaction  be¬ 
tween  polyphosphate  and  the  iron  oxide  core.  The  correlation 
between  the  surface  densities  of  polyphosphate  and  the  A  or 
B  metal  sites  implies  that  polyphosphate  interacts  sequen¬ 
tially  with  specific  sites. 
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Significant  increases  in  coercivity  were  observed  for  stoichiometric  y- FejOj  pigments  that  were 
treated  with  different  phosphate  ions.  The  objectives  of  this  investigation  were  to  determine  if  the 
effect  was  specific  to  the  phosphate  anions  as  well  as  establishing  the  influence,  if  any,  of  induced 
compressive  stress  in  coercivity  enhancement.  Stoichiometric  y-FejOj  pigments  were  treated  with 
aqueous  solutions  containing  the  sodium  salts  of  different  anions  and  the  changes  in  coercivity 
measured  by  vibrating  sample  magne  tome  try.  The  surface  treatments  were  done  in  an  aqueous 
suspension,  followed  by  water  evaporation,  and  vacuum  treatment  at  150-160  °C.  Sodium 
phosphate,  sodium  pyrophosphate,  sodium  tripolyphosphate,  sodium  metapbosphate,  poly(sodium 
acrylate),  and  sodium  p-toiuenesulfooate  wete  used  and  the  weight  ratio  of  salt  to  pigment  was  fixed 
at  1.5.  Within  the  range  of  anions  in  this  work,  the  coercivity  enhancement  was  specific  to  the 
polyphosphate  anions.  The  coercivity  for  pigments  treated  with  sodium  p-toluenesulfonate  (273  Oe) 
or  poly(sodium  acrylate)  (280  Oe)  was  only  slightly  higher  than  265  Oe  for  the  as-received 
pigments.  For  the  phosphate  anions,  the  coercivity  enhancement  increased  in  the  order  sodium 
phosphate  (268  Oe),  sodium  pyrophosphate  (287  Oe),  sodium  tripolyphosphate  (316  Oe),  sodium 
polyphosphate  (336  Oe).  To  evaluate  the  effect  of  stress  on  the  coercivity,  samples  treated  with 
sodium  polyphosphate  were  ground  to  a  powder  and  then  pressed  into  pellets.  The  coercivity  for  the 
samples  decreased  linearly  with  increasing  applied  pressure  during  pellet  formation.  Therefore 
applied  stress  does  not  account  for  the  coercivity  increase. 


I.  INTRODUCTION 

The  increase  in  coercivity  of  y-Fe203  pigments  by  sur¬ 
face  treatment  has  been  the  subject  of  ongoing  scientific  and 
technological  interest.  The  magnetic  tape  industry  has  taken 
great  commercial  advantage  of  higher  coercivity  enhance¬ 
ment  arising  from  surface  treatment  with  cobalt(II)  ions.1 
There  have  been  reports  of  significant  coercivity  increases 
when  y-FejOj  was  treated  with  polyphosphate  anions.2-8 
This  effect  depended  on  the  ratio  of  Fe2+  to  Fe3+  in  the 
pigments  and  on  the  weight  ratio  of  polyphosphate  to  pig¬ 
ment  Slonczcwski9  has  proposed  a  model  where  polyphos¬ 
phate  binding  caused  a  subsurface  oxidation  of  Fe2+  to  Fe3+, 
presumably  pinning  the  Fe2+  state  to  the  pigment  surface. 
However,  Mossbauer  studies  of  non-stoichiometric  pigments 
containing  57Fe  doped  in  the  surface  did  not  show  significant 
increases  in  surface  Fe2+  upon  polyphosphate  binding.8 

The  treatment  of  y-Fc203  may  be  considered  in  the 
real m  of  surface  coordination  chemistry.  The  polyphosphate 
anion  displaces  coordinated  water  from  the  surface  of 
y-FejOj.  The  new  ligand  would  modify  the  energy  levels  of 
the  d-states  on  the  surface  iron.  If  ■y-Fe203  is  considered  to 
be  a  heavily  doped  semiconductor,10  the  d  states  for  the  sur¬ 
face  iron  would  be  partially  filled  and  would  have  an  energy 
somewhere  between  the  valence  band  and  the  conduction 
band.  Modification  of  the  d  states  at  the  surface  would  lead 
to  a  modification  of  the  space  charge  region  extending  from 
the  surface  into  the  bulk.11,12  If  ligand  binding  lowers  the 
energy  of  an  empty  d  state,  then  electrons  may  migrate  from 
the  bulk  to  the  surface  iron.  Alternatively,  if  ligand  binding 
raises  the  level  of  filled  d  states,  then  electrons  may  migrate 
from  the  surface  iron  into  the  bulk.  Thus,  surface  treatment 
may  pin  a  valence  state,  either  Fe2+  or  Fe3+,  to  the  surface  of 


the  y-Fe^Oj  pigments.  The  pigments  are  acicular  cylinders 
with  a  length  to  diameter  aspect  ratio  greater  than  5.  The 
sides  of  the  pigment  provide  a  much  greater  surface  area  than 
the  ends  of  the  pigments,  therefore  there  are  more  binding 
sites  along  the  sides.  If  coordination  of  surface  iron  site  leads 
to  changes  in  electronic  structure  that  extends  into  the  bulk 
of  the  pigment,  then  the  changes  would  be  greater  along  the 
sides  of  the  pigments.  This  would  enhance  the  electronic 
anisotropy  of  the  pigments  and  consequently  the  magnetic 
anisotropy,  leading  to  coercivity  enhancements. 

In  this  paper  we  determine  whether  the  coercivity  en¬ 
hancement  is  specific  to  surface  treatment  by  polyphosphate 
anions.  Stoichiometric  y-Fe203  pigments  were  treated  with 
aqueous  solution  containing  the  sodium  salts  of  different  an¬ 
ions.  The  different  anions  were  chosen  because  of  their  dif¬ 
ferent  affinity  for  binding  to  Fe2+  and  Fe3+  ions.  The  anions 
were  phosphate,  pyrophosphate,  tripolyphosphate,  metaphos¬ 
phate,  p-toluenesulfonate,  and  polyacrylate.  The  polyphos¬ 
phate  anions  present  similar  ligands,  while  the 
p-toluenesulfonate  and  polyacrylate  are  different  and  would 
present  a  difference  in  die  binding  constants  with  surface 
iron  ions  and  differences  in  changes  in  electronic  structure 
upon  binding.  These  differences  may  lead  to  differences  in 
coercivity  enhancement  for  pigments  treated  with  these  dif¬ 
ferent  salts. 

H.  EXPERIMENTAL  SECTION 

The  y-FejOj  pigments,  K-300,  were  a  gift  from  Magnox 
Pulaski,  Inc.,  Pulaski,  VA.  The  pigments  had  a  coercivity  of 
265  Oe  and  a  specific  surface  area  of  13.5  m2/g.  The  FeO 
content  was  0.25%,  corresponding  to  a  Fe2+/Fe3+  ratio  of 
1/180. 13  The  surface  treatments  were  done  in  aqueous  sus- 
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TABLE  L  CoerriviUca  for  Jurfacc  Hexed  y-Fep, 


Sample,  surface  treatment 

Vacuum  treatment 

»,<  O.) 

Aa-reeeivcd,  no  treatment 

No 

265 

Distilled  water  only 

Ye* 

270 

Sodium  p-tofaeaesulloaate 

Yes 

273 

Poty(sodaun  acrylate) 

Yes 

280 

phosphate 

Yes 

268 

Sodium  pyrophosphate 

Yes 

278 

Sodium  tripolypbosphate 

Yes 

316 

ny^ap|(nqp>(ala 

No 

263 

Sodium  metaphosphate 

Yes 

338 

pension  in  a  manner  similar  to  that  described  by  Spada  et  al.7 
Sodium  phosphate,  sodium  pyrophosphate,  sodium  tripoly¬ 
phosphate,  sodium  metapbosphate,  poly(sodium  acrylate), 
and  sodium  p-toluenesulfonate  were  used  as  surface  treat¬ 
ment  agents.  For  all  samples  the  weight  ratio  of  salt  to  pig¬ 
ment  was  fixed  to  l.S.  A  1.00  g  sample  of  <y-Fe203  was 
stirred  with  a  solution  containing  1.50  g  of  the  salt  dissolved 
in  10.00  g  distilled  water.  The  suspension  was  evaporated  to 
dryness  and  then  heat  treated  at  150-160  °C  under  0.200 
Torr  vacuum  for  1.0  h.  A  control  sample  was  treated  with 
distilled  water  only,  the  water  evaporated,  and  then  heat 
treated  at  150-160  °C  under  0.200  Torr  vacuum  for  1.0  h.  A 
sample  was  treated  with  sodium  metaphosphate,  the  water 
evaporated  off,  but  was  not  subjected  to  hot  vacuum  treat¬ 
ment.  A  sample  was  treated  with  sodium  metaphosphate  so¬ 
lution,  the  water  evaporated  off,  heat  treated  under  vacuum, 
ground  to  a  powder  in  a  mortar  and  pestle,  and  then  pressed 
into  pellets  at  room  temperature.  Magnetic  hysteresis  loops 
were  measured  by  vibrating  sample  magnetometry  using  a 
10  kOc  saturating  field.  Measurements  on  replicate  samples 
gave  a  standard  deviation  in  the  coercivity  value  of  2%. 

Hi.  RESULTS 

The  data  in  Table  I  shows  the  effect  of  various  surface 
treatments  on  the  coercivity  of  the  y-Fe^  pigments.  As- 
received,  the  pigments  had  a  coercivity  of  265  Oe.  Pigments 
simply  treated  with  water,  dried  and  then  heated  to  150  °C 
under  vacuum  showed  no  increase  in  coercivity.  Within  the 
range  of  anions  used  in  this  study  only  the  higher  polyphos¬ 
phate  anions  showed  a  significant  increase  in  coercivity. 
There  was  little  or  no  increase  in  coercivity  for  pigments 
treated  with  sodium  p-toluenesulfonate  poly(sodium  acry¬ 
late),  or  sodium  pyrophosphate.  Only  pigments  treated  with 
sodium  tripolyphosphate  and  sodium  metaphosphate  showed 
a  significant  increase  in  coercivity.  This  coercivity  enhance¬ 
ment  required  the  150  °C  vacuum  treatment  and  without  this 
treatment,  there  was  no  coercivity  increase.  Pigments  treated 
with  sodium  tripolypbosphate  had  a  coercivity  of  316  Oe,  an 
increase  of  15%.  The  largest  increase  in  coercivity  was  seen 
for  (figments  treated  with  sodium  metapbosphate,  338  Oe,  a 
28%  increase.  This  increase  was  comparable  to  that  reported 
by  Spada  et  al  for  stoichiometric  y-FejOj  pigments.8 

In  the  course  of  this  study  it  was  observed  that  the 
samples,  displaying  coercivity  enhancement,  consisted  of 
y-FejOj  pigments  fused  together  in  a  glassy  matrix.  How- 
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FIG.  1.  Pkx  of  coercivity  u  t  function  of  applied  pressure  for  pellets  con- 
taming  and  sodium  meupboephaie. 

ever,  the  samples  with  no  coercivity  enhancement  were  fine 
powders.  It  was  speculated  that  sodium  tripolyphosphate  and 
sodium  metapbosphate  treated  samples  consisted  of  y-Fe203 
pigments  in  a  phosphate  glass  matrix.  After  heating  to 
150  °C  and  cooling  the  phosphate  glass  put  the  pigments 
under  compressive  stress,  giving  rise  to  a  change  in  coerciv¬ 
ity.  To  test  this  hypothesis  samples  of  sodium  metaphosphate 
treated  y-FejO}  pigments  were  pressed  into  pellets  with  dif¬ 
ferent  applied  pressures.  The  purpose  was  to  obtain  a  series 
of  pellets  where  the  pigments  experienced  different  and 
somewhat  controlled  degrees  of  compressive  stress.  It  was 
supposed  that  the  amount  of  compressive  stress  retained  in 
the  pellets  increased  with  increasing  applied  pressure.  The 
pellets  were  composites  of  y-Fej03  in  a  glassy  matrix.  The 
data  in  Fig.  1  shows  that  the  coercivity  decreased  linearly 
with  increasing  applied  pressure.  Clearly  increasing  the  com¬ 
pressive  stress  decreased  the  coercivity  y-Fe20,  pigments 
and  compressive  stress  was  not  responsible  for  the  observed 
coercivity  enhancements.  Spada  and  co-workers7  contended 
that  if  the  coercivity  enhancement  has  a  magnetostrictive  ori¬ 
gin,  then  compressive  stress  would  decrease  the  coercivity,  a 
contention  in  agreement  with  our  experiments.  An  alternative 
explanation  is  that  as  the  applied  pressure  increases,  the 
packing  fraction  of  the  pigments  increases.  It  has  been  dem¬ 
onstrated  that  increasing  the  packing  fraction  of  y-Fe203  pig¬ 
ments,  leads  to  a  decrease  in  coercivity.14 

IV.  DISCUSSION 

Experimental  evidence  presented  here  and  elsewhere2  8 
leads  to  the  conclusion  that  coordination  of  certain  species  to 
iron  ions  the  surface  of  y-Fe^  pigments  gave  rise  to 
changes  in  surface  electronic  states  which  ultimately  changes 
the  coercivity.  When  y-Fe203  pigments  are  exposed  to  aque¬ 
ous  salt  solutions,  the  anions  must  compete  with  water  for 
coordination  sites  on  the  surface  of  the  pigments.  Clearly, 
water  had  a  higher  affinity  for  these  surface  sites  than  the 
other  ions  present.  Only  after  beat  treatment  in  vacuum, 
which  removed  the  surface  moisture,  did  the  higher  poly¬ 
phosphate  anions  give  rise  to  a  coercivity  enhancement. 
Some  anions,  p-toluenesulfonate  and  poly(acrylate)  ions,  ei¬ 
ther  did  not  have  a  high  enough  affinity  for  the  pigment 
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TABLE  H.  Btnding  cowui  (or  p>nrp>«»  aaaoa  to  Ft2'  and  Ft2'  m 
aqueoua  minrioo. 


Poiyphoaphme 
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Fe2*.  logit 

Fe2*.  log  it 

Phtwpbase 

(HPO*)2" 

7.03* 

9J5* 

Pyrophosphate 

<H,PA>‘ 

6.62* 

Tnpotyphoaphaae 

(HjPjOta)2' 

154* 

7.03' 

Mcttpbosptele 

*~5 

3  Xf 

6 J? 

tekmet  15.  ^Mmci  16. 

Ttefamct  18.  Ttcfewnc*  17. 

‘Refcitact  20  'Reference  19. 


surface  or,  if  they  did  have  an  adequate  affinity,  (rinding  did 
not  lead  to  significant  coerdvity  enhancement.  It  is  intrigu¬ 
ing  that  the  phosphate  anions  did  not  all  show  the  same 
degree  of  coeicivity  enhancement.  They  all  present  a  similar 
ligand  to  the  iron  and  one  would  expect  similar  changes  in 
surface  iron  electronic  states  upon  binding.  However,  coor¬ 
dination  of  phosphate  anion  to  iron  is  thermodynamically 
reversible  ami  water  may  rapidly  displace  the  surface  bound 
phosphate  ions.  The  chelating  of  the  higher  polyphosphate 
anions  to  multiple  sites  on  the  surface  of  the  pigments  slows 
down  the  kinetics  for  water  displacement  and  therefore  al¬ 
lows  one  to  observe  coercivity  enhancement  with  the  higher 
phosphate  anions. 

There  is  little  information  about  the  coordination  chem¬ 
istry  of  surface  iron  sites  on  y-FejOj  pigpvents.  However,  the 
coordination  behavior  of  Fe2*  and  Fe3*  in  aqueous  solution 
has  been  well  characterized  and  may  provide  some  insight 
into  possible  reactions  on  the  surface  of  •y-Fe203 .  Coordina¬ 
tion  of  a  phosphate  anion  to  an  iron  ion  involves  displace¬ 
ment  of  a  water  ligand,  as  indicated  in  Eq.  (1).  The  data  in 

[Fe"*(OH2)6]  +  L-[Fe»*L(OH2)5]+H20  (1) 

Table  II  show  the  binding  constants  for  coordination  of  dif¬ 
ferent  phosphate  species  to  Fe2*  or  Fe3*.  Each  different 
phosphate  anion  has  a  higher  binding  constant,  therefore  a 
higher  affinity,  for  Fe3*  than  for  Fe2*.  This  leads  to  the 
conclusion  that  the  phosphate  anion  would  preferentially 
bind  to  surface  Fe3+  sites  on  the  pigments.  In  the  coordina¬ 
tion  chemistry  literature  it  is  well-known  that  the  reduction 


potential  for  a  transition  metal  ion  in  solution  greatly  de¬ 
pends  on  the  ligands  coordinated  to  that  ion.  In  aqueous  so¬ 
lution  [Fe^lOH^J3*  has  a  one-electron  reduction  potential 
of  +0.77  V.21  When  coordinated  with  phosphate  ion,  the 
resukant  complex  ion  hat  a  one-electron  reduction  potential 
of  +0.61  V.  Clearly,  in  aqueous  solution,  phosphate  binding 
somewhat  stabilizes  the  Fe3*  stale.  One  could  conclude  that 
the  polyphosphate  anions  would  preferentially  coordinate  to 
Fe3*  sites  on  the  pigment  surface  and  that  polyphosphate 
coordination  would  stabilize  the  Fe3*  state  at  the  surface. 
However,  such  extrapolations  from  properties  in  aqueous  so¬ 
lution  to  solid  state  surface  properties  are  hazardous.  These 
observations  dearly  point  to  the  need  to  fully  characterize 
the  surface  coordination  chemistry  of  iron  in  y-Fe20,  pig¬ 
ments. 
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Recent  research  efforts  have  emphasized  the  archivability  of  metal  particle  media  which  utilizes 
“passivated”  iron  particles  as  the  magnetic  material.  Two  fundamental  processes  limit  the  archival 
lifetime  of  such  media  (1)  corrosion  of  metal  particles,  and  (2)  degradation  of  polymer  binder.  This 
paper  addresses  the  first  process  by  quantifying  the  effect  of  pH  and  various  binder  additives 
(lubricant,  dispersant,  polymer  degradation  products,  etc.)  on  the  corrosion  of  pure  iron  in  aqueous 
0.05  M  K2S04.  This  study  is  unique  in  its  use  of  electrochemical  techniques  to  adequately  quantify 
the  corrosion  process.  Both  ac  [electrochemical  impedance  spectroscopy,  (E1S)]  and  dc  polarization 
techniques  have  been  used.  Experimental  data  showed  that  the  addition  of  stearic  acid  (a  lubricant) 
and  lecithin  (a  dispersant)  resulted  in  a  decrease  in  the  corrosion  rate  of  iron  in  K^SO*.  Five 
different  carboxylic  acids  of  various  chain  lengths  were  investigated  since  such  compounds  can  be 
viewed  as  simple  models  for  binder  additives,  or  as  polymer  degradation  products.  Except  for  stearic 
acid,  all  of  the  carboxylic  acids  significantly  accelerated  iron  dissolution  at  the  corrosion  potential. 
The  corrosion  rate  increased  as  chain  length  or  pH  decreased  and  as  acid  concentration  increased. 
The  charge  involved  in  passive  film  formation  increased  as  the  solution  becomes  more  acidic, 
indicating  that  the  passive  film  was  less  stable  or  more  difficult  to  form.  In  the  passive  region  the 
corrosion  rate  was  lower  than  that  of  the  base  electrolyte  for  high  concentrations  of  carboxylic  acids. 


I.  INTRODUCTION 

High  density  metal  particle  (MP)  tape  used  in  various 
formats  (e.g.,  D-2,  R-dat,  8  mm),  is  a  leading  candidate  for 
mass  storage  systems.  With  regard  to  an  evaluation  of  the 
archivability  of  MP  tape,  two  important  aspects  which  must 
be  considered  arc  (1)  corrosion  of  the  metal  particles  and  (2) 
degradation  of  the  polymer  binder.  The  first  is  unique  to 
metallic  media,  e.g.,  MP,  metal  evaporated,  and  the  second  is 
common  to  many  forms  of  flexible  media.  In  addition,  deg¬ 
radation  of  the  polymer  binder  may  well  affect  the  corrosion 
of  metal  particles.  Reports  of  corrosion  failure  for  MP  tape 
under  conditions  of  environmental  stress  are  conflicting.  For 
example,  in  one  study,1  exposure  at  60  °C  and  90%  RH  re¬ 
sulted  in  relatively  small  changes  in  bulk  magnetic  properties 
(At, ,  M, ,  and  Hc).  In  another  study,2  exposure  of  MP  tape  to 
60  °C  and  90%  RH  resulted  in  large  changes  in  bulk  mag¬ 
netic  properties. 

The  nature  of  much  of  the  previous  work  has  involved 
measurement  of  magnetic  properties  or  recording  perfor¬ 
mance  of  MP  tape  before  and  after  exposure  to  elevated  tem¬ 
perature  and  humidity.  In  many  cases  this  was  done  with  no 
attempt  to  control  pollutant  gases.1,3'4  In  others,  pollutant 
gases  were  carefully  controlled  through  the  Battelle  class  Q 
environment  (30  °C,  70%  RH,  10  ppb  Cl2,  10  ppb  HjS  and 
100  ppb  HOj).2'5  The  degradation  of  passivated  metal  par¬ 
ticles,  separate  from  tape,  were  also  examined  as  a  function 
of  RH  and  temperature.6  Very  little  research  has  been  re¬ 
ported  where  electrochemical  techniques  have  been  em¬ 
ployed. 

This  paper  reports  the  results  of  a  basic  research  project 
aimed  at  understanding  the  role  which  binder  components 
and  additives,  and  pH  play  in  the  corrosion  of  iron  in  MP 
media.  Since  it  is  difficult  to  directly  examine  iron  particles 
electrochemically,  an  iron  rod  was  used  as  a  model  electrode. 


Both  ac  and  dc  electrochemical  techniques  have  been  used  to 
examine  the  effects  of  various  organic  materials,  i.e.,  car¬ 
boxylic  acids  and  lecithin,  on  iron  corrosion.  Depending  on 
chain  length,  these  materials  may  be  viewed  as  either  model 
binder  additives  or  binder  degradation  products. 

N.  EXPERIMENTAL 

An  iron  electrode  with  a  cross  sectional  area  of  0.20  cm2 
was  prepared  bom  a  5  mm  diam  rod  (Johnson  Matthey 
99.9985%)  imbedded  in  epoxy.  Surface  preparation  of  the  Fe 
electrode  consisted  of  mechanical  polishing  with  600  grit 
SiC  paper,  ultrasonic  cleaning  in  water  and  drying  in  air. 
Aqueous  solutions  of  various  organic  materials  including  a 
model  lubricant  and  dispersant,  stearic  acid  md  lecithin, 
were  prepared  in  0.05  M  K2S04  by  dissolving  reagent  grade 
chemicals  in  deionized  water.  Solutions  were  deaerated  by 
purging  with  nitrogen  for  ~1  h  prior  to  the  experiments,  and 
a  nitrogen  blanket  was  maintained  over  the  solutions  during 
the  measurements.  Solution  pH  was  adjusted  to  the  desired 
value  before  deaeration.  Experiments  were  performed  in  a 
glass  cell  with  a  three  electrode  system:  (a)  iron  working 
electrode,  (b)  platinum  (2.5X1.2  cm)  counter  electrode,  and 
(c)  a  saturated  calomel  reference  electrode  (SCE). 

The  corrosion  potential  of  the  iron  samples  was  allowed 
to  reach  steady  state  prior  to  all  experiments.  Both  ac  and  dc 
electrochemical  experiments  were  performed.  Impedance 
measurements  were  conducted  at  the  open  circuit  potential 
using  a  Solartron  1255  frequency  response  analyzer  and 
1286  potentiostat  with  associated  computer  and  ZFLOT  soft¬ 
ware.  dc  potentiodynamic  anodic  polarization  curves  were 
obtained  with  an  EG&G  273A  potentiostat  and  M352  corro¬ 
sion  software,  by  sweeping  the  potential  at  1  mV/s  from  the 
open  circuit  value  to  about  1.5  V  vs  SCE  and  measuring  the 
current  response. 
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FIG.  1.  Bode  plots  showing  the  impedance  magnitude  and  phase  angle 
behavior  of  iron  in  0.05  M  KjSO*  measured  al  in  the  presence  and 
absence  of  acetic  acid,  pH=6.0. 


FIG.  3.  Effect  of  different  carboxylic  acids  on  the  charge  transfer  resistance 
of  iron  in  0.05  M  KjSO*.  pH=6.0. 


III.  RESULTS  AND  DISCUSSION 
A.  ac  finpedanc*  reautta 

The  effect  of  various  carboxylic  acids,  used  as  both 
model  binder  additives  and  polymer  binder  degradation 
products  on  iron  corrosion  was  investigated  by  the  imped¬ 
ance  technique  at  the  open  circuit  or  corrosion  potential, 
E^.  Since  the  addition  of  carboxylic  acids  lowers  the  pH, 
all  solutions  were  adjusted  to  a  constant  pH  of  5,  the  natural 
pH  of  the  0.05  M  K2S04  base  electrode  Impedance  data 
can  be  displayed  several  different  ways.  For  example.  Fig.  1 
shows  the  impedance  and  phase  angle  _ata  for  iron  in  0.05  M 
K2SO,  in  the  presence  and  absence  of  40  mM  acetic  acid.  A 
significant  decrease  in  impedance  in  the  presence  of  40  mM 
acetic  acid  relative  to  the  base  electrolyte  is  indicative  of  a 
decrease  in  corrosion  resistance.  Impedance  data  for  a  series 
of  acetic  acid  concentrations  are  also  shown  in  Fig.  2  in  a 
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FIG.  2.  Nyqursr  plots  for  iron  st  fOT  in  0.05  M  KjSO,  for  various  concen¬ 
trations  of  acetic  acid,  pH-6.0. 


typical  complex  impedance  format  or  Nyquist  plot.  Fitting 
each  set  of  data  in  Fig.  2  to  a  semicircle  yields  the  value  of 
charge  transfer  resistance,  Ra,  which  is  inversely  propor¬ 
tional  to  corrosion  rate. 

Data  similar  to  that  shown  in  Figs.  1  and  2,  were  also 
collected  for  other  carboxylic  acids,  and  a  summary  of  the 
Ra  values  thus  obtained  is  shown  in  Fig.  3,  as  a  function  of 
concentration  and  chain  length  of  each  acid.  In  general,  the 
iron  corrosion  rate  in  0.05  M  KjSO^  measured  at  and 
pH=6,  increases  with  increasing  concentration  and  with  de¬ 
creasing  chain  length  for  carboxylic  acids  containing  2-10 
carbons.  However,  in  the  presence  of  stearic  acid  (18  car¬ 
bons),  often  used  as  a  lubricant  in  the  formulation  of  metal 
particle  tape,  a  significant  increase  in  Ra  was  observed,  in¬ 
dicating  a  higher  resistance  to  corrosion. 

The  corrosion  rate  of  iron  was  also  affected  by  the  num¬ 
ber  of  acidic  groups  in  the  molecule.  As  shown  in  Fig.  3,  Ra 
values,  at  constant  concentration  and  pH  are  consistently 
higher  in  hexanoic  (a  monocarboxylic  acid)  than  in  adipic  (a 
dicaiboxylic  add)  while  both  contain  six  carbons.  Similar  to 
stearic  add,  led  thin  was  also  observed  to  have  an  inhibiting 
effect  on  corrosion  as  shown  in  Table  1.  The  inhibitive  effect 
of  led  thin  on  iron  corrosion  was  a  linear  function  of  concen¬ 
tration  in  the  range  of  0% -0.005%  w/v  (aqueous  solubility 
limit). 

B.  dc  rwHitta 

Potentiodynamic  polarization  curves  for  iron  in  various 
concentrations  of  acetic  add  are  shown  in  Fig.  4.  The  corro¬ 
sion  behavior  of  iron  in  the  “active  region,”  at  potentials 
below  *-—0.2  V  (vs  SCE),  is  similar  to  that  observed  during 


TABLE  1.  Charge  transfer  resistance,  Ra ,  of  iron  in  0.05  M  K.SO,  as  s 
function  of  lecithin  concentration. 


Cone,  lecithin  (wt/vol%) 

Ra  (Kfl) 

0 

65 

0.0025 

too 

0.0050 

130 

4.  Appt  Ptiya.,  Vol.  75,  No.  10. 15  May  1894 


Arroyo,  Saffarian,  and  Warren  5500 


TABLE  11.  Effect  of  carboxylic  acid  ooaccatntaoft  tad  pH  on  the  charge 
involved  in  the  passivation  of  iron  in  0.05  M  KjS04. 


FIG.  4.  Potentiodynamic  polarization  curves  for  iron  in  0.0S  M  K2SO4  for 
various  concentrations  of  acetic  acid  at  pH=6.0.  Scan  rate  1  mV/s. 


Carboxylic 

acid 

Coac. 

(bM) 

rh 

Charge 

(Coil) 

Nooe 

0 

3J 

3.30 

0 

6.0 

0.29 

0 

9.5 

0.22 

Acetic 

1 

6.0 

0.38 

5 

6.0 

0.51 

20 

6.0 

0.66 

20 

3.5 

9.7 

Adipic 

1 

6.0 

0.31 

5 

6.0 

0.43 

20 

6.0 

0.3 

20 

4.0 

7.9 

20 

10.0 

0.002 

impedance  measurements,  Le.,  increasing  acetic  acid  concen¬ 
tration  results  in  higher  currents  or  higher  corrosion  rates. 
This  behavior  is  probably  associated  with  the  formation  of 
soluble  corrosion  products  (iron  salts  and/or  complexes) 
which  allow  continuous  dissolution  of  iron.  Since  the  solu¬ 
bility  of  iron  carboxylates  decreases  with  increasing  the 
chain  length,  a  reduction  in  corrosion  rate  is  expected  for 
acids  with  longer  chain  length  such  as  stearic  acid. 

At  more  anodic  potentials,  in  the  passive  region,  passi¬ 
vation  or  oxide  formation  prevails,  and  the  currents  are  de¬ 
creased  significantly.  In  this  potential  range,  current  depends 
on  the  carboxylic  acid  concentration  and  becomes  even 
lower  than  that  of  the  base  electrolyte  at  higher  concentra¬ 
tions.  This  behavior  may  be  due  to  the  formation  of  a  salt 
film  at  the  interface.  The  charge  involved  in  the  formation  of 
the  passive  film  on  iron  was  affected  by  solution  pH  and  acid 
concentration  as  shown  in  Table  II. 

As  pH  decreased,  the  charge  involved  in  the  formation 
of  the  passive  film  increased  and  the  passivation  potential 
was  also  observed  to  shift  to  more  anodic  values.  In  other 
words,  the  passive  film  is  less  stable  or  more  difficult  to  form 
as  the  solution  pH  is  lowered.  The  passivation  charge  also 
increased  with  increasing  acid  concentration  but  the  effect 
was  not  as  pronounced  as  in  the  case  of  pH,  see  Table  II. 

IV.  CONCLUSIONS 

The  effect  of  various  additives  on  the  corrosion  of  iron 
in  0.05  M  K2SO4  has  been  studied  by  electrochemical  im¬ 


pedance  spectroscopy  and  dc  polarization  techniques.  At  the 
corrosion  potential,  all  carboxylic  acids  except  stearic  add  (a 
lubricant)  accelerate  corrosion.  Stearic  add  even  at  a  concen¬ 
tration  s2  ppm  resulted  in  a  marked  reduction  in  corrosion 
rate.  The  corrosion  rate  increased  as  the  acid  concentration 
increased  and  as  the  hydrocarbon  chain  length  or  pH  de¬ 
creased.  In  the  presence  of  lecithin  (a  dispersant),  iron  cor¬ 
rosion  was  significantly  decreased  and  the  inhibitive  effect 
was  a  linear  function  of  lecithin  concentration. 

When  the  electrode  was  polarized  in  the  anodic  direc¬ 
tion,  the  charge  involved  in  the  formation  of  the  passive  film 
increased  as  pH  decreased  and  as  acid  concentration  in¬ 
creased,  but  pH  seems  to  be  the  dominant  factor.  In  the  pas¬ 
sive  region,  however,  a  different  behavior  was  observed  and 
the  corrosion  rate  was  lower  than  that  of  the  base  electrolyte 
for  high  concentrations  of  carboxylic  acids.  These  results 
indicate  that  carboxylic  acids  accelerate  the  corrosion  of  un¬ 
passivated  iron,  but  might  inhibit  the  corrosion  of  passivated 
iron  particles. 
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A  computational  investigation  using  the  method  of  molecular  dynamics  was  undertaken  to 
characterize  the  state  of  magnetic  particle  dispersions.  The  simulations  revealed  that  the 
microstructure  of  spherical  particulate  dispersions  consists  of  chaintike  clusters  resulting  from 
magnetic  dipole  alignment.  Aciculai  particles  formed  clusters  such  as  dimers,  chains,  and  rings.  The 
effect  of  fluid  viscosity  on  the  dispersion  quality  and  the  response  of  the  magnetic  dispersions  to  an 
external  DC  magnetic  field  are  also  reported. 


I.  INTRODUCTION 

The  dispersion  quality  and  stability  of  magnetic  particle 
dispersions  (magnetic  inks)  is  controlled  by  the  balance  be¬ 
tween  attractive  and  repulsive  forces  between  particles  in  a 
dispersion  medium  of  a  specific  chemistry.  The  attractive 
forces  arise  from  van  der  Waals  and  magnetic  interactions 
whilst  the  electrostatic  and  steric  interactions  give  rise  to 
repulsive  forces  between  particles.  Calculations  have  shown 
that  van  der  Waals  and  electrostatic  contributions  to  the  total 
energy  of  interaction  between  particles  are  much  smaller 
than  the  other  two  forces. 1-2 

The  classical  energy  of  interaction-distance  plots  found 
in  colloid  chemical  literature  are  useful  in  predicting  whether 
a  dispersion  is  stable  or  not  but  do  not  yield  information  on 
the  dispersion  quality  (i.e.,  presence  of  magnetic  agglomer¬ 
ates),  especially  as  a  function  of  time.  One  computational 
method  which  can  yield  information  on  the  dispersion  qual¬ 
ity  of  a  magnetic  particulate  dispersion  is  molecular  dynam¬ 
ics  (MD).  In  this  method,  the  state  of  a  system  of  interacting 
particles  is  simulated  by  solving  the  classical  equations  gov¬ 
erning  the  motion  of  each  individual  particle. 


II.  METHOO  AND  MODEL 


The  total  energy  for  a  system  containing  \  interacting 
magnetic  particles  is  the  sum  of  a  kinetic  energy  and  a  po¬ 
tential  contribution.  The  kinetic  energy  consists  of  two  parts: 
translational  and  rotational.  In  our  model,  the  potential  en¬ 
ergy  includes  only  magnetic  attractive  and  steric  repulsive 
energies. 

The  magnetic  interaction  energy  for  spherical  particles  is 
based  on  the  magnetic  dipole-dipole  interaction  and  is  given 
by 


J>l  I«1 


Po  1 


(•n,  ry)(mrrl/) 


(1) 


where  m  is  the  magnetic  moment,  pg  is  the  permeability,  and 
r„  is  the  separation  vector  between  spherical  particles.  For 
the  calculation  of  the  magnetic  interaction  energy  between 
cylindrical  particles,  a  pole-pole  interaction  approach  is 
used  and  the  resulting  expression  is  as  follows: 

t/„,=  2  2  2  2  —  ) 

*■=  1  1=1  j>i  i™  I 
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where  r,:(k,l)  is  the  separation  distance  between  poles  of 
two  different  particles  i  and  j,  and  P  is  the  pole  strength. 
Signs  of  the  magnetic  energy  for  cylindrical  particles  is  de¬ 
termined  by  the  signs  of  the  interacting  poles. 

Available  expressions  for  the  calculation  of  steric  repul¬ 
sion  energy  between  dispersant  coated  spherical  particles  are 
rather  complex  and  require  quantities  that  are  not  easily  mea¬ 
sured.  Hence,  a  simple  form  of  steric  repulsion  energy  is 
employed  in  this  simulation  and  is  given  by  a  truncated  pa¬ 
rabola: 

N  8-1  N  Af-I 

l/*=2  2  <*»?/=  2  2  Mrt-r0)2,  if  r,,Sr,.  (3) 

/>*  i>!  j>i  i>l 

The  parameters  A  and  r ,  are  chosen  such  that  the  equilib¬ 
rium  center-to-center  distance  between  two  particles  is  no 
less  than  2.3a,  where  a  is  the  radius  of  a  particle. 

The  steric  interaction  energy  between  two  cylindrical 
particles,  i  and  j,  is  also  represented  by  a  truncated  parabola 

<t »*j=A-(r,  — r,)2,  if  r5Sr,,  (4) 

where  r,  is  the  minimum  distance  of  separation  between  the 
longitudinal  axis  of  the  particles.  The  parameters  A  and  r, 
are  also  chosen  to  simulate  a  steric  layer  of  thickness  0. 1  Sa . 

The  equations  of  motion  of  each  particle  have  two 
forms:  (1)  translational  (Afd2r,/tf/2=F,)  and  (2)  rotational 
Udut'ldt—T,),  where  F,  is  the  force  on  particle  i,  /  is  the 
moment  of  inertia,  «■*,  is  the  angular  velocity,  and  T,  is  the 
torque.  In  the  case  of  spherical  particles,  the  torque  arises 
from  the  magnetic  interactions,  whereas  for  cylindrical  par¬ 
ticles,  both  magnetic  and  steric  contributions  to  the  torque 
have  to  be  taken  into  account.  For  spherical  particles  a  drag 
term  can  be  included  in  the  translational  equation  of  motion 
by  adding  to  the  force  a  term  in  the  form  -6iro  t)\, ,  where 
r)  is  the  viscosity  of  the  fluid  and  V,  is  the  translational 
velocity  of  particle  i.  At  this  stage,  rotational  motion  in  a 
viscous  fluid  is  not  accounted  for. 

To  study  the  dynamical  and  structural  response  of  the 
magnetic  dispersions  containing  spherical  particles  to  an  ex¬ 
ternal  dc  field,  we  include  the  contribution  of  an  external 
torque,  Ttlt  (=m,XB,  where  B  is  the  applied  dc  field),  to  the 
rotational  equation  of  motion. 

For  both  spherical  and  cylindrical  geometries,  the  dipole 
moment  is  assumed  to  be  attached  physically  to  the  particle. 
In  the  latter  case  the  moment  is  parallel  to  the  long  axis  of 
the  cylindrical  particle.  In  stead  of  Euler  angles,  the  orienta¬ 
tion  of  the  particles  is  described  by  a  set  of  four  parameters 


J.  Appi.  Phya.  75  (10).  15  May  1094 


0021  -8979(94(75(1  OJ/5571  (3/58.00 


6  1984  American  Institute  of  PhyMcs  5571 


V 


FIG.  1.  Relaxing  configuration  of  a  suspension  of  spherical  particles  after 
4000  integration  time  steps  in  absence  of  fluid  viscosity  and  external  field, 
(a)  and  (b)  mark  two  ends  of  chains  linked  through  periodic  boundary 
conditions. 

(quaternions)  developed  by  Evans  el  al.3  Contrary  to  Euler 
angles,  these  parameters  lead  to  equations  of  motion  without 
singularity.4 

Our  simulation  system  is  a  three  dimensional  box  with 
an  edge  length  of  50a  containing  100  panicles  (Af = 100).  A 
periodic  boundary  condition  is  used.  The  physical  and  mag¬ 
netic  properties  of  magnetic  particles  are  M =3X10" 18  kg, 
a  =500  A,  m=380  emu/cm3  (=4.75X10'“  Am2),  and  ad¬ 
sorbed  polymer  layer  thickness =75  A.  In  the  case  of  cylin¬ 
drical  particles,  the  radii  of  the  hemispheric  tip  and  of  the 
cylindrical  body  are  assumed  to  be  500  A  with  an  aspect 
ratio  of  2:1.  The  equations  of  motion  are  solved  numerically 
using  a  finite  difference  approximation  for  the  time  deriva¬ 
tives.  The  time  integration  step  in  these  simulations  is 
6.76X  10~9  s.  All  simulations  were  carried  out  under  the  con¬ 
straint  of  a  constant  kinetic  energy  of  1.66X  10  22  J/particle. 

III.  RESULTS  AND  DISCUSSION 

In  all  the  simulations  reported  in  this  article,  the  same 
initial  set  of  positions  and  magnetic  moment  orientations 
were  used.  The  orientations  were  generated  at  random  ac¬ 
cording  to  a  normal  distribution.  Random  numbers  were  also 
used  for  the  positions  of  each  particle.  However,  random 
positions  leading  to  overlapping  pairs  of  particles  were  ex¬ 
cluded. 

A.  Spherical  particles 

Three  simulations  were  conducted  under  the  following 
conditions:  (A)  time=4000  integration  ,ieps,  no  fluid  viscos¬ 
ity,  and  no  external  magnetic  field;  (B)  time =6000  integra¬ 
tion  steps,  viscosity=0.001  P,  and  no  external  field;  and  (C) 
time =4000  integration  steps,  zero  fluid  viscosity,  an  external 
magnetic  field  of  300  Oe  applied  after  2000  time  steps. 

Figure  1  shows  the  structure  of  the  magnetic  dispersion 
at  the  final  stage  in  simulation  A.  In  the  case  of  spherical 
particles,  minimization  of  energy  takes  place  by  alignment  of 
magnetic  moments.  Here  the  particles  form  chains  with 
nearly  aligned  dipole  moments.  Obviously,  the  lowest  energy 


FIG.  2.  Suspension  of  spherical  particles  at  step  6000  in  -  fluid  with  a 
viscosity  of  O.jOI  P. 


state  corresponds  to  a  single  infinite  chain.  In  our  simulation 
such  a  state  can  be  approached  at  large  lime  steps.  It  may  be 
noted  that  the  periodic  boundary  condition  imposed  on  the 
simulation  cell  permits  a  chain  from  exiting  the  cell  from  one 
side  and  reentering  it  on  the  other  side.  This  feature  is  clearly 
seen  in  Fig.  1. 

Simulation  B  was  run  to  test  the  effect  of  fluid  viscosity 
on  the  state  of  the  dispersion.  An  increase  in  viscosity  of  the 
dispersion  medium  augments  the  time  for  relaxation.  Mini¬ 
mization  of  energy  is  achieved  by  the  formation  of  chains  of 
particles  in  the  initial  stage  of  the  calculation.  However, 
since  the  motion  of  chains  is  more  sluggish  than  that  of 
single  particles,  further  energy  minimization  by  attachment 
of  pieces  of  chains  is  strongly  impeded  by  the  fluid  viscosity. 
The  resulting  suspension  is  therefore  only  composed  of  short 
pieces  of  chains  as  shown  in  Fig.  2,  this  despite  the  longer 
simulation  time. 

In  Fig.  3  we  illustrate  the  final  structure  of  a  suspension 
subjected  to  an  externa)  magnetic  field  (simulation  C).  The 
stimulation  of  the  suspension  with  a  magnetic  field  results  in 
a  strong  structural  anisotropy.  Here,  upon  application  of  the 
field  after  2000  time  steps,  those  long  chains  of  spherical 
particles  which  were  perpendicular  to  the  field  break  off  into 
pieces  which  subsequently  align  with  the  field.  All  other 


B 


FIG.  3.  Orientation  of  chains  of  spherical  particles  in  an  external  magnetic 
field,  B,  of  300  Oe. 
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FIG.  4.  Suspension  of  acicular  particles  after  4000  integration  time  steps 
(see  text  for  details). 

chains  respond  to  the  stimulus  by  directly  aligning  in  the 
direction  of  the  external  field.  Attachment  of  chains  to  form 
longer  chains  is  also  observed. 

B.  Acicular  particles 

The  lowest  energy  state  formed  by  two  acicular  particles 
interacting  through  pole-pole  interactions  can  be  shown  to 
be  a  dimer  with  magnetic  moments  in  opposite  directions.  A 
configuration  composed  of  aligned  particles  constitutes  only 
a  metastable  state.  Moreover,  rings  of  three,  four,...,  particles 
with  opposite  poles  in  contact  are  more  stable  than  linear 
chain  configurations.  A  simulation  of  100  acicular  particles 
with  an  aspect  ratio  of  2:1  was  run  for  a  period  of  4000 
integration  steps.  The  final  configuration  of  the  suspension  of 
acicular  particles  is  shown  in  Fig.  4.  As  expected,  stable 
dimers  and  rings  are  observed.  For  instance,  a  dimer,  a  four- 


particle  ring,  and  a  seven-particle  ring  are  labeled  on  the 
figure  as  (a),  (b),  and  (c),  respectively.  Similar  ring  configu¬ 
rations  have  already  been  observed  in  Monte  Carlo  calcula¬ 
tions  of  dispersion  of  acicular  magnetic  particles  with  an 
aspect  ratio  of  10:1. 5  In  addition  to  the  observation  of  stable 
ring  configurations,  metastable  pieces  of  chains  are  also  seen. 
The  structure  of  the  suspension  of  acicular  particles  also 
shows  aggregated  configurations  involving  dimers,  rings, 
and  pieces  of  chains. 

IV.  CONCLUSION 

We  have  developed  a  computational  tool  to  understand 
at  the  microscopic  level  the  dynamical  behavior  of  disper¬ 
sions  of  magnetic  particles.  The  preliminary  results  reported 
in  this  article  show  the  potential  of  the  MD  method  to  simu¬ 
late  the  structure  and  behavior  of  dispersions  of  magnetic 
particles.  Of  particular  interest  are  the  relationships  between 
particle  geometry,  steric  repulsion,  and  the  stability  of  the 
suspension.  Further  refinement  of  the  model  such  as  the  in¬ 
clusion  of  the  translational  and  rotational  motion  of  acicular 
particles  in  a  viscous  medium  will  lead  to  future  progress  in 
the  understanding  of  the  complex  rheology  of  magnetic  sus¬ 
pensions. 
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A  computational  simulation  of  a  dispersion  of  iron  particles  undertaken  to  study  the  influence  of  the 
magnetostatic  interactions  on  the  microstructure  of  a  particle  ensemble  is  reported  herein.  The 
simulation  considers  an  equilibrium  state  derived  from  an  initial  random  state  by  the  force-bias 
Monte  Carlo  technique.  This  method  favors  particle  moves  in  the  direction  of  the  magnetostatic 
forces.  A  three  dimensional  ensemble  in  zero  field  and  a  saturating  field  are  studied.  An  approach 
which  takes  into  account  the  magnetostatic  interactions  between  clusters  by  allowing  Monte  Carlo 
moves  of  whole  clusters  has  been  developed.  This  approach  leads  to  the  formation  of  extended 
networks  consisting  of  particles  in  strongly  bound  clusters  which  themselves  interact  and  give  rise 
to  an  extended  network.  This  is  similar  to  the  long-range  order  observed  in  practical  dispersions. 

The  structure  analysis  is  found  to  characterize  the  local  order,  being  especially  sensitive  to 
anisotropy  in  the  order  produced  by  an  aligning  field. 


I.  INTRODUCTION 

Little  is  known  at  present  about  the  microstructure  of  a 
magnetic  dispersion  and  its  influence  in  determining  the 
characteristics  that  reflect  the  quality  of  particulate  recording 
media.1  We  have  undertaken  a  computational  study2  de¬ 
signed  to  investigate  the  influence  of  the  magnetostatic  inter¬ 
action  on  the  equilibrium  configuration  of  an  assembly  of 
1000  elongated  iron  particles.  The  particles  have  a  length  of 
0.25  ftm  and  aspect  ratio  10:1,  exhibiting  a  bulk  magnetiza¬ 
tion  of  1700  emu/cc,  and  are  modeled  as  spherocylinders. 
The  magnetostatic  properties  are  approximated  by  a  mag¬ 
netic  pole  sited  at  the  center  of  each  hemisphere  since  the 
””10%  volume  packing  fraction  does  not  lend  itself  to  the 
usual  dipole  approximation.  The  computation  cell  is  ex¬ 
tended  using  periodic  boundary  conditions. 

We  have  employed  a  short-range  surface  potential  to 
simulate  the  surfactant  layer.  This  potential  acts  as  a  nonrigid 
barrier  to  surface-surface  contact,  effective  when  the  sepa¬ 
ration  distance  falls  below  SO  A. 

The  combination  of  the  magnetostatic  and  the  surface 
potential  determines  the  energetic  behavior  of  the  particle.  It 
can  be  seen.  Fig.  1,  that  the  interaction  is  effectively  magne¬ 
tostatic  and  attractive  until  the  particle  separation  decreases 
to  0.025,  "“60  A.  Then  surface  potential  begins  to  take  effect, 
providing  an  effective  barrier  to  particle  overlap.  At  equilib¬ 
rium,  the  position  of  the  particle  will  tend  to  fluctuate  about 
the  minimum  of  the  potential  well  at  "»50  A. 

The  behavior  of  the  system  appears  to  be  determined,  to 
a  first  approximation,  by  the  near  particle  interactions  and  for 
this  computation  we  have  employed  a  magnetostatic  poten¬ 
tial  with  a  spherical  cutoff. 

The  particles  are  placed  in  the  three-dimensional  (3D) 
computation  cell  by  an  algorithm  which  ensures  a  random 
spatial  and  angular  distribution.  The  force-bias  Monte  Carlo3 
scheme  is  used  to  derive  an  equilibrium  configuration.  The 
scheme  employs  the  forces  and  torques  derived  from  the 
magnetostatic  and  surface  potentials  to  influence  the  path  of 
the  particle  in  the  computation  cell. 

During  the  computation,  particles  are  found  to  associate 


due  to  magnetostatic  attraction  and  form  groups  that  are  en¬ 
ergetically  bound.  If  we  consider  two  such  bound  particles,  it 
is  clear  that  the  action  of  external  forces  will  result  in  some 
form  of  cooperative  behavior.  Thus,  for  a  short  time  at  least, 
the  two  particles  will  migrate  within  the  dispersion  as  a  pair. 
The  cooperative  behavior  of  particles  on  a  larger  scale  will 
contribute  to  the  physical  and  magnetic  properties  of  the  dis¬ 
persion.  Thus  from  a  physical  perspective,  it  is  important  to 
take  this  effect  into  account  during  the  simulation. 

For  this  reason,  we  subject  the  particle  ensemble  to  a 
cluster  analysis  which  allocates  particles  with  a  low  mutual 
magnetostatic  energy  to  a  cluster.  A  cluster  is  then  treated  as 
a  rigid  body  which  may  undergo  small  displacements  and 
rotations  in  the  compulation  cell  under  the  Monte  Carlo 
scheme. 

This  approach  gives  rise  to  the  concept  of  a  mutual  mag¬ 
netostatic  energy  of  a  cluster  and  the  interaction  energy  of  a 
cluster  with  another  cluster  or  particle. 

II.  RESULTS 

The  recognition  of  the  importance  of  clusters  forms  the 
basis  for  investigating  the  equilibrium  configuration. 


| .  WON  ---  SURFACE  - TOTAL  POT  | 


FIG.  1.  The  pole-pole  and  surface  interaction  potential  with  pole  separation 
in  units  of  one  particle  length. 
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FIG.  2.  The  frequency  distribution  of  duster  moments  derived  in  zero  field.  FIG.  4.  The  frequency  distribution  of  the  structure  perimeter  2  for  the 

clusters  derived  in  zero  field. 


As  a  simple  parameter  characterizing  a  cluster,  we  have 
defined  a  primitive  magnetic  moment  calculated  as  the  vec¬ 
tor  sum  of  the  moments  of  individual  particles  normalized 
with  respect  to  (w.r.t.)  a  single  particle  moment. 

In  an  equilibrium  configuration  with  no  external  field. 
Fig.  2,  we  find  that  clusters  with  a  low  primitive  moment 
tend  to  be  the  most  common,  suggesting  that  the  particles 
tend  to  cluster  with  particle  orientations  that  yield  a  low  net 
cluster  moment.  This  is  probably  due  to  flux  closure  which 
alows  a  minimization  of  the  magnetostatic  energy  in  zero 
field. 

The  effect  of  particle  alignment  is  clearly  seen  in  an 
ensemble  subject  to  a  saturating  applied  field.  The  distribu¬ 
tion  of  the  cluster  moments  is  strongly  discretised  at  values 
corresponding  to  whole  multiples  of  a  single  particle  mo¬ 
ment.  Clearly  the  primitive  moment  is  a  useful  parameter 
characterizing  the  form  and  extent  of  clustering. 

The  relative  size  and  shape  of  a  cluster  has  also  been 
investigated  with  a  function  devised  to  compare  its  geometry 
with  a  straight  chain.  Consider  a  cluster  of  N  particles 
1,2, ...A  where  the  distance  between  the  center  of  particle  n 
and  particle  m  is  denoted  r„„ .  We  ascribe  a  correlation  pa¬ 
rameter  <t  to  the  cluster  with  A f  members,  where 

<r=2  2)  r,„.  (1) 

all  n  m>n 


a  can  be  calculated  for  any  arbitrary  geometry.  A  measure  of 
the  compactness  of  the  cluster  is  obtained  by  normalizing 
this  value  w.r.t.  aN  defined  as  a  for  N  particles  arranged  as  a 
chain.  Thus 


which  may  be  interpreted  as  a  measure  of  the  extension  of 
the  cluster.  A  true  chain  will  yield  2= 1  whilst  a  cluster  with 
particle  centers  in  close  proximity  will  yield  a  smaller  2; 
e.g.,  2  =0.375  for  a  closed  triangle  of  particles.  It  should  be 
emphasised  that  2  does  not  yield  specific  information  about 
cluster  geometry  but  is  a  useful  measure  for  the  concept  of 
“compactness,”  particularly  when  considered  in  conjunction 
with  other  data  such  as  the  cluster  moment  distributions  of 
Fig.  2  and  Fig.  3.  The  normalized  distribution  of  2  values  for 
the  ensemble  of  Fig.  2  are  shown  in  Fig.  4.  The  ensemble  is 
shown  to  exhibit  few  chain  clusters  and  the  more  compact 
configurations  predominate.  A  similar  analysis  for  the  en¬ 
semble  of  Fig.  3  is  shown  in  Fig.  5.  Here  the  large  number  of 
straight  chains  is  indicated  by  the  peak  at  2  =  1. 

A  different  type  of  analysis  on  the  ensemble  has  been 
made  by  a  simulated  stereological  technique.  The  method  we 
have  employed  may  also  be  used  to  analyze  micrograph  sec¬ 
tions  taken  of  particulate  media.  A  series  of  parallel  lines  are 
drawn  across  the  surface  of  the  micrograph.  A  filament 
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FIG.  3.  The  frequency  distributioo  of  cluster  momerte  derived  in  a  saturat¬ 
ing  field. 
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FIG.  5.  The  frequency  distribution  of  the  structure  parameter  X  for  the 
dusters  derived  in  a  saturating  field. 
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FIG.  6.  The  cumulative  frequency  distribution  of  filament  length  in  zero 
held,  sampling  parallel  to  the  X,  Y,  and  Z  axes  of  (he  computational  cell. 
(Unit  of  length = A). 

length  is  obtained  by  measuring  a  section  of  a  line  where  it 
intersects  a  particle.  Three  distributions  of  filament  length 
may  be  obtained  for  the  3D  ensemble  by  taking  lines  parallel 
to  the  X,  Y,  and  Z  axis.  In  zero  field.  Fig.  6,  little  variation  is 
to  be  seen  for  the  three  directions,  confirming  the  isotropic 
nature  of  the  particle  spatial  and  angular  distribution. 

In  experimental  dispersions,  the  application  of  a  saturat¬ 
ing  field  produces  anisotropic  chainlike  structures.  This  fea¬ 
ture  is  also  reproduced  by  the  simulation.  In  Fig.  7,  the  an¬ 
isotropy  is  indicated  by  the  different  stereology  in  the  1 
direction.  Consideration  of  Figs.  3  and  5  suggests  that  the 
anisotropy  is  due  to  the  formation  of  chainlike  structures  in 
the  field  direction.  The  stereology  distributions  in  the  X  and 
Y  directions  are  found  to  be  similar  as  may  be  expected  from 
symmetry  considerations. 

III.  CONCLUSION 

The  dispersion  simulation  was  influenced  by  the  coop¬ 
erative  behavior  of  small  groups  of  particles  resulting  from 
the  strong  magnetostatic  interactions.  We  were  able  to  take 
account  of  this  behavior  by  using  a  cluster  analysis  technique 
to  identify  clusters  of  particles  exhibiting  low  mutual  inter¬ 
action  energy.  These  clusters  were  then  integrated  into  the 
Monte  Carlo  scheme  for  a  few  trial  moves  together  with  the 


FIG.  7.  The  cumulative  frequency  distribution  of  fli aments  it]  a  saturating 
field.  (Unit  of  length -A.) 

usual  single  particle  trial  moves.  It  was  found  to  be  important 
to  maintain  an  ongoing  cluster  reallocation  by  regular  use  of 
the  cluster  analysis  algorithm. 

Characterization  of  the  microstructure  of  the  equilibrium 
configuration  is  also  assisted  by  recognizing  the  presence  of 
clusters.  The  dispersion  has  been  analyzed  in  terms  of  the 
primitive  magnetic  moment  and  the  geometry  of  each  cluster. 

Cluster  analysis  is  therefore  an  important  step  in  the 
simulation  process  for  strongly  interacting  systems. 

Finally  we  have  analyzed  the  microstructure  by  means  of 
stereologica]  techniques.  In  principle  the  techniques  are  also 
applicable  to  experimental  microscopy.  Consequently,  such 
techniques  may  provide  an  important  future  means  of  com¬ 
parison  between  theory  and  experiment. 
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New  results  on  the  switching  speed  limit  in  high  coercivity  particulate  magnetic  media  have  recently 
been  reported1  using  pulse  fields  with  widths  r<l  ns.  Because  the  pulse  amplitude  is  presently 
limited  to  <950  Oe,  switching  measurements  on  media  with  higher  coerct vines  were  carried  out  in 
the  presence  of  a  dc  bias  field  HB  and  the  switching  constant  Swl  at  zero  bias  field  estimated  by 
extrapolating  the  data  at  several  high  bias  fields  to  HB= 0.  The  sensitivity  of  Sw  to  HB  was 
significant  particularly  in  barium  ferrite  so  it  is  prudent  to  examine  this  dependency  more  carefully 
in  a  lower  coercivity  system  in  which  Sw  can  be  measured  from  0 ^HB^HCB  and  HCK  is  the 
remanent  coercivity.  The  results  (Fig.  1)  for  a  standard  y-Fe203  iron  oxide  tape  with  HCK~175  Oe 
show  a  nearly  linear  dependence  of  S*  on  HB  except  for  HB!HCB* 0.7  and  validate  our  earlier 
speculation  that  switching  in  barium  ferrite  particles  is  significantly  slower  than  in  metal  particles. 

The  experimental  results  will  be  compared  to  the  calculated  switching  time2  as  a  function  of  H B 
expected  for  an  appropriate  distribution  of  uniaxial,  single  domain  particles. 


Research  supported  in  part  by  the  National  Storage  Industry  Consortium  and 
ARPA. 


1 W.  D.  Doyle,  L.  He,  and  P.  J.  Flanders,  IEEE  Trans.  Mag.  29,  3634  (1993). 
R.  Gillette  and  1C  Oshima.  i.  Appi.  Phys.  29,  529  (1958). 
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FIG.  1.  The  switching  constant  as  a  function  of  bias  field  HB. 
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Studtes  into  th«  um  of  waterborne  coating  formulations  for  the  preparation 
of  magnetic  tape  (abstract) 

Stacy  Barrom,  Ashley  Bray,  Song  Cheng,  John  Etike,  Hong  Fan,  Alan  M.  Lane,  and 
David  E.  NMdes 

Cater  for  Materials  for  Information  Technology,  University  of  Alabama,  Tuscaloosa,  Alabama  354874209 

The  objective  of  this  research  project  is  to  replace  the  organic  solvents  used  in  modem  tape 
manufacture  with  water,  thereby  eliminating  the  potential  for  solvent  emissions.  This  has  led  to  a 
search  to  identify  tape  components  compatible  with  a  waterborne  coating  process.  The  pigments 
were  either  cobalt-modified  y-Fe^Oj  or  barium  ferrite,  with  the  majority  of  the  research  focused  on 
cobalt-modified  y-FejOj  formulations.  A  combination  of  sodium  polyphosphate  and  Surfynol 
CT- 136,  a  pigment  grinding  aid,  were  used  as  dispersing  agents.  The  binders  included  commercial 
water-dispersed  polyurethanes  and  a  commercial  ethylene-vinylchloride  copolymer  emulsion.  A 
commercial  waterborne  melamine-formaldehyde  was  used  as  a  cross-linking  agent.  Addition  of  the 
ethylene-vinylchloride  copolymer  to  the  polyurethane  increased  the  tensile  strength  and  Young’s 
modulus  of  the  unpigmented  binder  films.  The  melamine-formaldehyde  cross-linker  further 
enhanced  the  mechanical  properties  and  increased  the  adhesion  between  the  pigmented  binder  films 
and  the  polyester  base  film,  la  a  180°  peel  test,  the  adhesion  easily  exceeded  the  ITO  specification 
for  8  mm  helical  scan  magnetic  tape.1  Rheological  studies  of  the  waterborne  dispersions  revealed 
that  the  viscosity  was  too  low.  Hydroxyethylcellulose,  a  water  soluble  polymer,  was  added  as  a 
thickener  and  this  gave  rise  to  a  desirable  thixotropic  behavior  in  the  dispersion.  Waterborne 
dispersions  were  cast  onto  polyester  base  film,  oriented  in  a  2000  G  longitudinal  magnetic  field,  and 
cured  in  a  convection  oven  at  60  °C.  Magnetic  hysteresis  loops  showed  a  squareness  of  0.875  and 
a  switching  field  distribution  of  0.324  for  films  containing  cobalt-modified  •y-Fe203. 


Sponsored  by  the  U  S  Environmental  Protection  Agency  through  the  Gulf 
Orast  Hazardous  Substances  Research  Center,  Bcaumoum,  Texas. 

1 ISO/IEC  D1S  10779 — 8  mm  Wide  Magnetic  Tape  Cartridge  for  Informa¬ 
tion  interchange — Helical  Scan  Recording. 
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Rh«o-opt!cal  iMMurenwnts  on  suspensions  of  magnetic  recording 
partidas  (abstract) 

Hyoung  J.  Choi,  Yoon  D.  Park,  Paul  L.  Frattni,*1  and  Myung  S.  Jhon 

Department  of  Chemical  Engineering,  Carnegie  Melton  University,  Pittsburgh,  Pennsylvania  15213 

New  rheo-optic  measurements  of  the  orientation  of  magnetic  particles  (used  in  particulate  recording 
media)  in  suspension  under  imposed  external  fields  (hydrodynamic  and/or  magnetic)  are  presented. 

The  apparatus  consists  of  a  rheo-optical  device1  employing  polarization  modulation  technology,  and 
the  external  magnetic  and  flow  field  generating  equipment  (plane  Poiseuilie  flow  cell  and 
quadrupole  electromagnet).  The  polarization  modulation  dichroism  measurement  technique,  which 
has  the  advantage  of  improved  sensitivity  and  precision  over  conventional  optical  measurements,  is 
able  to  characterize  uniaxial  single  domain  magnetic  particle  suspensions  under  external  magnetic 
and  hydrodynamic  fields.  Linear  dichroism  measurements,  which  reflect  the  degree  of  particle 
alignment  about  the  field  axis,  are  shown  to  be  sensitive  indicators  of  particle  magnetic  interactions, 
of  effects  of  particle  intrinsic  magnetic  properties,  and  of  effects  of  particle  shape.  In  this  paper  we 
focus  on  the  comparison  between  effects  of  imposed  magnetic  and  hydrodynamic  fields  on  particle 
orientation  for  rodlike  y- FejOj,  CrOz,  and  plate-like  Ba  ferrites.  Relationships  between  the  particle 
orientation  due  to  the  two  external  fields  are  established  through  dimensional  analysis,  and  the 
“equivalent  magnetic  field,”  which  yields  the  same  magnitude  of  dichroism  obtained  under  a  given 
flow  field,  is  measured.  The  flow  field  and  the  equivalent  magnetic  field  show  a  nearly  linear 
relationship.  Once  the  equivalent  magnetic  field  plot  is  obtained  experimentally,  one  can 
conveniently  transform  hydrodynamic  field  to  applied  magnetic  field  and  then  determine  the  particle 
orientation.  Preliminary  results  indicate  that  this  device  represents  the  best  technique  for  systematic 
investigation  of  magnetic  particle  orientation  during  simultaneous  imposition  of  magnetic  and 
hydrodynamic  fields. 


"Eifle,  Inc,  c/o  11465  Clayton  Road,  San  Jose,  CA  95127. 

1 P.  L  Fratini,  E.  S.  G.  Shaqfeh,  J.  L.  Levy,  and  D.  L  Koch,  Phys.  Fluids  A 
3,  2516  (1991). 
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Thin  and  Ultrathin  Rims 


Michael  Scheinfein,  Chairman 


Growth  and  magnetic  dynamic  scaling  of  ultrathin  ferromagnetic  films: 
Fe/Au(001) 

Y.-L  He,*1  Y.-F.  Lmw,q)  and  Q.-C.  Wang 

Department  of  Physics,  Rensselaer  Polytechnic  Institute,  Troy,  New  York  12180-3590 

Dynamic  responses  of  the  magnetic  hysteresis  of  a  few  monolayer  thick  smooth  Fe  films  on  a 
Au(001)  surface  were  measured  by  the  surface  magneto-optic  Kerr  effect  technique.  The  Fe  films 
were  prepared  by  molecular  beam  epitaxy  technique  and  their  growth  and  structures  were 
characterized  in  situ  by  high  resolution  low  energy  electron  diffraction  with  angular  profile 
measurement.  The  shape  of  the  hysteresis  loop  changes  with  the  frequency  O  and  the  amplitude  H0 
of  the  applied  periodic  magnetic  field.  Over  a  range  of  frequency  (<225  Hz)  at  a  fixed  amplitude 
and  at  room  temperature,  the  area  of  the  hysteresis  loops  follows  a  scaling  form.  The  best  fit  of  a 
scaling  function  to  the  frequency -dependent  area  gives  exponents  a  =0.58  ±0.03  and  b  =0.24  ±0.02. 

For  low  values  of  frequency  (<25  Hz)  and  amplitude  (<400  Oe),  the  area  of  hysteresis  loops 
measured  at  room  temperature  reduces  to  a  power  law  with  u=0.59±0.07  and 

6=0.26  ±005.  Our  measured  exponents  and  the  scaling  function  are  consistent  with  recent  results 
of  theory  and  Monte  Carlo  simulations. 


I.  INTRODUCTION 

Advances  in  sample  preparation  techniques  and  in  meth¬ 
ods  of  characterization  for  ferromagnetic  ultrathin  films  and 
superlattices  have  led  to  the  discovery  of  many  exciting  new 
phenomena  in  the  last  decade.'  Examples  are  surface  anisot¬ 
ropy,  giant  magnetoresistance,  and  magnetic  couplings.  Most 
studies  have  concentrated  on  the  equilibrium  properties  of 
samples.  In  this  article,  we  present  experimental  results  on 
the  growth  of  ultra  thin  Fe  films  on  the  same  Au(001)  surface 
and  the  dynamic  responses  of  those  films  over  a  range  of 
frequencies  and  amplitudes  of  external  time-varying  mag¬ 
netic  fields. 

In  the  few  monolayers  (ML)  regime,  the  Fe  films  are 
grown  in  a  layer-by-layer  mode  with  subsurface  inversion.2 
Using  these  well  characterized  ultrathin  ferromagnetic  Fe/ 
Au(001)  films,  we  found  that,  for  a  fixed  field  amplitude,  the 
frequency-dependent  hysteresis  loss  first  increases,  reaches  a 
maximum,  and  then  decreases  with  increasing  field  fre¬ 
quency.  For  the  first  time,  we  have  compared  these  data  for  a 
wide  range  of  frequencies  with  a  scaling  form  predicted 
recently3  to  extract  the  scaling  exponents.  For  low  frequency 
and  amplitude,  this  scaling  form  reduces  to  a  power  law.4-3 
We  have  previously  reported  our  determination  of  this 
power.6 

N.  EXPERIMENT 

The  experiment  was  performed  in  an  ultrahigh  vacuum 
(UHV)  chamber  equipped  with  high  resolution  low  energy 
electron  diffraction  (HRLEED),  surface  magneto-optic  Kerr 


'’Present  address:  Physics  Department,  University  of  Nebraska,  Lincoln.  NE 
68588-0113. 

“Present  address:  Center  foe  Magnetic  Recording  Research,  U.  C.-San  Di¬ 
ego,  U  Jolla,  CA  92093. 


effect  (SMOKE),  Auger-electron  spectroscopy  (AES),  and  a 
sputter  ion  gun.  The  ultrathin  Fe  films  were  deposited  on  a 
Au(001)  surface  from  an  Fe  foil  heated  by  electron  bombard¬ 
ment  from  the  back.  The  lattice  mismatch  between  Fe  and 
Au(001)  is  —0.4%.  Details  related  to  the  growth  and  mor¬ 
phology  of  films  have  been  presented  elsewhere7  a„d  will  not 
be  described  here.  However,  the  calibration  of  the  effective 
magnetic  field  in  the  surface  magneto-optic  Kerr  effect 
(SMOKE)  measurement  will  be  described  below. 

The  Kerr  signals  from  the  ultrathin  Fe  films  were  mea¬ 
sured  by  the  SMOKE  technique  in  situ.8  The  magnetic  field 
in  the  gap  of  a  C-shape  cast  iron  core  was  produced  by 
passing  a  sawtooth  time-varying  current  through  the  Cu  coil 
wound  around  the  core.  The  AC  field  in  the  gap  of  the  elec¬ 
tromagnet  was  calibrated  using  either  a  homemade  pickup 
coil  or  a  commercial  Hall  sensor.  This  calibration  is  neces¬ 
sary  because  a  time-varying  magnetizing  field  generates 
eddy  currents  in  the  core  resulting  in  a  counter  field  that 
reduces  the  magnitude  of  the  applied  field.  The  effective 
magnetic  field  was  measured  by  positioning  either  the  Hall 
sensor  or  the  pickup  coil  at  the  center  of  the  gap  (to  replace 
the  sample)  and  measuring  the  output  voltage.  We  have  plot¬ 
ted  the  normalized  peak-to-pcak  voltage,  which  is  propor¬ 
tional  to  the  effective  magnetic  field,  as  a  function  of  fre¬ 
quency  at  a  fixed  coil  current.  All  the  data9  show  that  the 
most  rapid  drop  in  field  amplitude  occurs  at  low  frequency 
(below  20  Hz).  At  20  Hz,  the  field  amplitude  has  dropped  by 
about  40%  of  the  DC  magnetic  field.  The  decrease  of  the 
field  gradually  slows  down  after  20  Hz  and  almost  reaches  a 
constant  (about  50%)  around  50  Hz  and  beyond.  (We  have 
measured  the  voltage  which  stays  constant  up  to  1000  Hz.) 
This  frequency-dependent  effective  magnetic  field  has  been 
included  in  the  calculation  of  loop  areas. 

Another  calibration  is  needed  for  the  phase  difference 
between  the  effective  magnetic  field  and  the  driving  current 


5680  J.  AppL  Pbya.  78  (10).  IS  May  1994 


0021 -8879/94/75(1 0)/5580/3/$8. 00 


© 1994  American  Institute  of  Physics 


-0.3  -0.2  -0.1  0.0  0.1  0.2  0.3 


S|(«Z) 

FIG.  1.  Coverage  evolution  of  the  (00)  beam  angular  profiles  taken  at  the 
near  oui-of-phasc  condition  (-25.5  eV)  during  Fe  deposition  on  a  Au<001) 
surface  The  profiles  correspond  to  coverages  equal  and  less  than  1  ML.  The 
insets  below  the  coverages  are  schematics  of  the  two  level  islands  and 
spadngs. 

in  the  coil.  This  information  is  needed  because  the  Kerr  sig¬ 
nal  is  measured  as  a  function  of  the  output  of  a  bipolar  power 
supply  which  provides  the  AC  current  in  the  coil.  The  phase 
shift  of  the  effective  magnetic  held  relative  to  the  driving 
current  in  the  coil,  measured  by  comparing  the  output  of  the 
Hall  sensor  to  the  output  of  the  bipolar  power  supply,  shows 
a  lag  of  ~  10°-15o  for  10-100  Hz  and  -20”  at  -250  Hz. 
This  phase  shift  may  distort  the  shape  of  the  hysteresis  loop 
slightly  and  affects  the  accuracy  of  the  area  calculation  by  a 
few  percent.'’  This  phase  shift  was  used  to  correct  the  area  of 
hysteresis  loops  by  proper  programming. 

HI.  RESULTS  AND  DISCUSSIONS 

A.  Growth  and  characterization  of  a  tew  ML  thick  Fa 
film* 

The  growth  of  submonolayer  and  a  few  monolayer  thick 
Fe  films  can  be  monitored  by  the  angular  profile  of  the  (00) 
diffraction  beam  near  the  out-of-phase  condition  where  the 
line  shape  change  is  most  dramatic.10  Figure  1  shows  the 
evolution  of  the  (00)  beam  profiles  as  a  function  of  Fe  cov¬ 
erage  (si  ML).  The  profile  at  zero  coverage,  which  corre¬ 
sponds  to  that  from  the  clean  Au(001)  surface,  is  a  convolu¬ 
tion  of  the  scattered  electron  intensity  distribution  from 
ordered  terraces  with  the  instrument  response  function 
(—0.006  A-1).  The  inverse  of  the  full  width  at  half  maxi- 
mom  intensity  of  the  deconvolved  profile  indicates  ordered 
terraces  of  -400  A.  As  the  Fe  coverage  increases,  the  profile 
changes  into  a  narrow  spike  on  a  shouldered  structure  and 
then  a  triple  peak  structure  at  -0.5  ML.  Beyond  this  cover¬ 
age,  the  trend  of  the  profile  reverses,  with  the  last  profile 


Fraftwney  (Hz) 

FIG.  2.  Frequency -depended  hysteresis  loop  shapes  and  area  for  -3  ML 
thick  smooth  Fe  film  at  room  temperature.  The  field  amplitude  is  —75  Oe 
The  solid  curve  is  the  fit  using  the  scaling  function  g(z)  given  by  Eq.  (2). 
Note  that  the  lowest  frequency  used  in  the  area  measurement  is  -0.8  Hz, 

returning  to  almost  the  shape  of  that  from  a  clean  Au  surface. 
We  define  the  coverage  as  1  ML  when  we  observe  this  clean- 
surf  acelike  profile.  The  profile  at  —0.5  ML  is  consistent  with 
a  two  level  system  with  about  equal  island  size  and  spacing 
between  islands.10  The  profiles  at  —0.32  ML  are  consistent 
with  a  two  level  system  with  different  preferred  island  size 
and  spacing.  At  —0.82  ML,  following  the  particle-hole  sym¬ 
metry  argument,  the  preferred  island  size  and  spacing  switch. 

The  changes  in  profile  beyond  1  ML  basically  follow  a 
similar  trend  but  less  dramatic  than  that  of  the  first  ML.  This 
is  because  the  first  layer  of  deposited  film  is  less  perfect  than 
the  clean  Au  surface.  After  the  deposition  of  a  second  layer, 
we  measured  the  angular  profiles  of  the  (00)  beam  as  a  func¬ 
tion  of  energy.  Most  profiles  show  a  high  spike  intensity  on  a 
low  intensity  diffuse  shoulder.  We  find  the  width  of  the 
spikes  associated  with  all  the  profiles  almost  a  constant,  an 
indication  of  a  smooth  film.  For  films  thicker  than  2  ML  the 
same  procedure  for  growth  of  the  Fe  films  and  their  profile 
analysis  were  used.7  Therefore,  we  know  the  surface  mor¬ 
phology  of  the  Fe  films  (whether  it  is  a  two-dimensional 
(2D)  smooth  film  or  a  3D  isolated  island  film)  before  our 
measurement  of  the  hysteresis  loops.  The  magnetic  measure¬ 
ment  presented  here  is  for  a  smooth  Fe/Au(001)  film  of  —3 
ML  thick. 

B.  Hysteresis  loop  mom  as  a  function  of  fraquancy 
of  magnetic  field 

Figure  2  shows  the  loop  area  versus  frequency  at  a  fixed 
magnetic  field  of  —75  Oe  when  the  Fe  film  is  held  at  room 
temperature,  and  also  shows  the  corresponding  loop  shapes. 
A  square  loop  was  observed  at  low  frequency  (—5  Hz).  As 
the  frequency  increases,  the  loop  rounds  off  at  the  corners 
(—23  Hz)  and  forms  a  parallelogram  (—79  Hz).  Eventually 
the  loop  collapses  to  a  straight  line  with  zero  area  (—225 
Hz).  This  shape  evolution6  is  consistent  with  the  Rao- 
Krishnamurthy-Pandit  (RKP)  prediction.4  The  centroid  of 
the  loop,  i.e.,  the  time-averaged  magnetization  ( M(t )),  has 
also  moved  away  from  zero.6  This  indicates  that  a  dynamic 
phase  transition  has  occurred4'6  from  a  zero  time-averaged 
symmetric  state,  (Af(r))=0,  to  a  nonzero  time-averaged 
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magnetization,  (M(t))*0.  The  area  calculated  from  these 
loops  increases  with  frequency  and  teaches  a  maximum,  de¬ 
pending  on  H0,  and  then  decreases  at  high  frequencies  It  is 
important  to  note  that  the  absolute  value  of  loop  areas  also 
depends  on  the  temperature  of  the  sample.  However,  this 
temperature  dependence  does  not  affect  the  scaling  behavior 
of  the  loop  areas  over  the  frequency  (and  amplitude)  of  mag¬ 
netic  field.4,6'"  At  low  frequency,  the  sample  magnetization 
has  a  finite  response  delay  and  a  finite  area  loop  is  observed. 
On  the  other  extreme,  at  high  frequency,  the  delay  of  the 
magnetization  response  of  the  sample  with  respect  to  the 
time-varying  field  is  reduced3  and  the  loop  area  decreases 
and  eventually  reduces  to  zero.  Data  taken  at  higher  field 
( — 105  Oe)  shows  a  similar  frequency  dependence  except  the 
whole  curve  is  higher  and  the  peak  is  shifted  towards  higher 
frequency  (not  shown  here). 

C.  Scaling  of  hystaraals  loop  areas 

Recently,  Acharyya  el  aL 3  have  proposed  a  scaling  form 
for  the  area  of  hysteresis  loops 

A~HgT~Pg(CllH$Ts),  (1) 

with  a  scaling  function 

g(x)~x‘  exp( -x2/cr)  (2) 

by  Monte  Carlo  simulations  of  a  2D  lsing  fenomagnet  sys¬ 
tem  with  nearest  neighbor  interactions.  The  values  of  those 
exponents  calculated  by  Acharyya  etal.  are  a=1.00, 
/?  -(). 60,  y=  1.75,  and  <5=  1.00.  In  the  limit  of  fl— *0  for  fixed 
temperature,  the  scaling  form  reduces  to  a  power  law 

A~H“o  n6,  (3) 

where  a=a~ey  and  b=e.  (4) 

The  power  law  behavior  was  proposed  in  RKP's  theory4 
and  also  was  obtained  in  the  model  simulations  for  2D  lsing 
spins.4,3 

We  have  fitted  the  frequency-dependent  loop  area  to  the 
above  scaling  function,  Eq.  (2).  The  best  fit  is  shown  as  a 
solid  curve  in  Fig.  2.  The  solid  curve  peaks  at  —25  Hz  and 
decays  faster  than  the  data  at  high  frequency.  The  error  in  the 
data  at  high  frequency  is  large  due  to  the  small  area  of  the 
loop  and  large  noise  level  in  the  measurement.  The  best  fit 
gives  a  value  for  the  exponent  e=0.24±0.02  which  equals  b 
[according  to  Eq.  (4)]. 

In  order  to  obtain  the  value  of  a,  one  should  scale  other 
frequency-dependent  area  curves  at  different  H „  to  the  one 
shown  in  Fig.  2.  Unfortunately,  we  only  have  a  set  of  data 
covering  a  limited  range  of  frequency  (<225  Hz)  at  —105 
Oe  and  room  temperature.  Using  this  limited  frequency- 
dependent  area  curve,  we  were  able  to  superpose  it  on  the 
curve  taken  at  —75  Oe  by  using  the  scaled  frequency  ft JHf 
(y=1.75)  in  the  horizontal  axis  and  the  scaled  amplitude 
HIH o  (a=1.0)  in  the  vertical  scale.  For  higher  scaled  fre¬ 
quency  (>60  Hz)  the  measured  area  decays  slower  than  die 
fitted  curve  (not  shown  here).  We  believe  the  range  of  fre¬ 
quency,  magnetic  field  amplitude,  and  temperature  for  scal¬ 
ing  may  be  very  limited.  Substituting  these  values  of  y  and  a 
into  Eq.  (4),  we  obtain  a  =0.58  ±0.03. 


The  values  of  a  and  6  are  in  agreement  with  our  previ¬ 
ously  measured  exponents  0.59  and  0.26,  respectively,  ob¬ 
tained  from  the  low  frequency  and  low  field  alone.  6,9,13  Our 
value  of  b  (0.24)  is  comparable  to  0.36  obtained  by  Monte 
Carlo  simulation  but  the  value  of  a  (0.58)  is  larger  than  0.37 
of  the  Monte  Carlo  result.3  We  also  tried  other  functional 
forms  for  g(x)  such  as  Gaussian,  Lorentzian,  and  exponen¬ 
tial  modified  Gaussian,  to  fit  the  frequency-dependent  area. 
None  of  them  gave  a  better  fit  than  the  function  of  Eq.  (2). 

One  should  be  cautious  when  comparing  the  measured 
exponents  with  the  modeling  results.  In  theoretical  simula¬ 
tions,  the  system  is  assumed  to  be  free  of  defects,  free  stand¬ 
ing,  and  have  no  dipolar  interaction,  with  low  magnetic  an¬ 
isotropy  and  low  magnetoelastic  coupling.  In  reality,  our 
molecular  beam  epitaxy  (MBE)  grown  Fe/Au(001)  ultrathin 
film  contains  many  defects  and  domains  and  is  not  free 
standing.  There  is  also  dipolar  interactions  in  the  Fe  film.  In 
spite  of  these  complications,  we  obtained  measured 
exponents6,9,12  in  qualitative  agreement  with  the  models.3'5 

IV.  SUMMARY 

Using  the  angular  profile  measurement  of  HRLEED,  we 
have  monitored  the  growth  of  ultrathin  Fe  films  and  charac¬ 
terized  their  morphology.  The  hysteresis  response  of  these 
characterized  films  was  measured  by  the  SMOKE  technique. 
For  low  values  of  the  magnetic  field  amplitude  the  area  is 
frequency  dependent.  The  frequency-dependent  area  can  be 
fitted  by  a  recently  predicted  scaling  function.  The  exponents 
a  and  b  extracted  from  the  fit  are  consistent  with  recent 
theory  and  simulations.  We  believe  the  scaling  behavior,  and 
even  possibly  universality  classes,  may  exist  in  other  ferro¬ 
magnetic  ultrathin  films.  More  systematic  measurements  of 
hysteresis  responses  of  ultrathin  films  are  needed. 
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A  monolayer  of  57Fe  is  used  as  a  probe  layer  in  Ag/9Fe(001)/10Ag(001)  structures  grown  by  the 
molecular  beam  epitaxy  technique.  Different  Fe  sites  can  be  resolved  in  the  spectrum.  From  the 
analysis  of  the  isomer  shift  values,  S7Fe  deposited  at  the  Fe/Ag  interface  can  be  distinguished  from 
57Fe  atoms  that  are  deposited  one  or  more  atomic  layers  removed  from  the  interface.  The  variation 
of  the  magnetic  hyperfine  field  Hhf  with  distance  from  the  Fe/Ag  interface  agrees  qualitatively  with 
values  calculated  previously. 


I.  INTRODUCTION 

Mossbauer  effect  spectroscopy  (MES)  studies  can  in 
principle  obtain  information  with  atomic  scale  resolution  on 
the  individual  Fe  monolayers  (ML)  in  iron  based  molecular 
beam  epitaxy  (MBE)  grown  structures.  Such  a  resolution  can 
be  obtained  in  Fe(100)/Ag(100)  structures  only  if  just  one 
s7Fe  ML  is  used  as  a  probe  layer  in  the  iron  multilayer.1,2  By 
using  this  technique  different  components  can  be  resolved  in 
the  Mossbauer  spectrum.1-3  MES  studies  where  two  or  more 
atomic  layers  are  sampled  at  the  same  time  in  the  iron 
multilayer  show  only  broadened  structureless  peaks.4-6 

Conversion  electron  Mossbauer  studies  (CEMS)  of  the 
iron  multilayer  in  MBE  grown  Ag/Fe(100)/Ag(100)  struc¬ 
tures  using  one  57Fe  ML  as  probe  layer  clearly  show  the 
existence  of  different  components  in  the  Mossbauer 
spectra.23  These  components  can  be  associated  with  different 
Fe  sites  in  the  iron  multilayer  mainly  from  an  analysis  of  the 
isomer  shift  (i.s.)  and  quadrupole  splitting  values  (QS).  The 
values  of  these  parameters  are  significantly  different  for  57Fe 
at  the  Fe/Ag  interface  (sites  /,  l, ,  and  lb)  compared  to  those 
for  57Fe  atoms  that  do  not  make  contact  with  the  Ag  atoms 
(sites  II,  III,  etc.)  (Fig.  1). 

The  identification  of  different  Fe  sites  in  MES  studies 
makes  it  possible  to  compare  experimental  and  theoretical 
values  of  the  magnetic  hyperfine  field  Hu  at  different  loca¬ 
tions  in  the  iron  multilayer.  Ohnishi  et  al  determined  the 
values  of  Hk,  for  the  three  different  monolayers  in  Ag/5F e/ 
Ag(100)  from  self-consistent  spin-polarized  local-spin- 
density  calculations.7  Uu  and  Gradmann  used  the  single  *7Fe 
probe  layer  technique  for  a  MES  study  of  a  series  of  Ag/ 
40Fe/Ag  structures.1  They  conclude  from  this  study  that  the 
Hu  variation  with  57Fe  ML  location  does  not  agree  with  the 
predictions  of  Ohnishi.  However  at  least  a  qualitative  agree¬ 
ment  may  be  possible  if  a  different  interpretation2  of  these 
spectra  is  accepted.  The  purpose  of  the  present  article  is  to 
compare  Hu  values  obtained  for  MBE  grown  Ag/6.7Fe/Ag 
and  Ag/9Fe/Ag  structures  with  the  values  calculated  by 
Ohnishi  et  al?  The  comparison  is  not  strictly  straightforward 
because  the  theoretical  values  are  for  the  ground  state 
and  our  values  are  obtained  at  room  temperature.  However, 
previous  measurements  suggest  that  the  temperature  depen¬ 


dences  of  the  Hu  values  vary  only  slightly  between  neigh¬ 
boring  iron  layers.1,4 

II.  EXPERIMENT 

The  preparation  of  MBE  structures  of  multilayers  of 
Fe(001)  and  Ag(100)  has  been  described  in  previous 
articles.8,9  For  the  present  CEMS  study  two  samples  have 
been  prepared: 

sample  1:  Ag/7.8Fe/l  57Fe/10Ag/9Au, 

sample  2:  Ag/4.7Fe/l  s7Fe/4Fe/10Ag/9Au.  The  last  three 
layers  of  Fe  for  sample  1  were  grown  at  390  K.  All  of  sample 
2  was  grown  at  room  temperature. 

III.  RESULTS  AND  DISCUSSION 

The  Mossbauer  spectra  of  sample  1  and  2  are  presented 
in  Fig.  2.  The  spectrum  obtained  for  sample  1  was  least 
squares  fitted  with  three  sextet  components  (Table  I).  The 
broadened  linewidths,  especially  for  component  1,  can  be 
explained  from  the  presence  of  components  corresponding  to 
sites/,  and  lb  that  were  not  included  in  the  fit.  The  results  are 
in  agreement  with  those  of  a  sample  of  almost  the  same 
composition  that  was  produced  by  growing  the  last  three  iron 
layers  at  420  K.2 

Charge-density  calculations  have  shown  that  the  s 
charge  density  at  the  S7Fe  nucleus  is  expected  to  be  smaller  at 
the  Fe/Ag  boundary  than  at  locations  one  or  more  atomic 
layers  removed  from  the  Fe/Ag  interface.7  Furthermore,  sys¬ 
tematic  studies  have  shown  that  the  i.s.  values  in  binary  Fe-X 
alloys  vary  proportional  to  the  surface-weighted  concentra¬ 
tion  of  the  X-atom  nearest  neighbors  of  a  central  Fe  atom.10 
The  i.s.  value  of  a  central  57Fe  atom  increases  with  an  in¬ 
creasing  number  of  Ag  nearest  neighbors.  For  instance,  in 


•  • 


•  • 


•  Z*Z*Z®ZoZoZo  t 

i o0o0o®o0o°o0o- 


Ag 

Fe 
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FIG.  2.  OEMS  spectra  for  Ag/4Fe)l  57Fe/4Fe/10Ag/9Au  (bottotn)  and 
Agf7.8Fe/l  57Fe/10Ag/9Au  (top). 


disordered  Fe,  _,Ag,  the  i.s.  value  has  increased  to  i.s.~0.2 
mm/s  forx=0.5.ll  lfThe  same  value  is  observed  for  site  I  Fe 
atoms  at  the  top  Ag/Fe  interface  where  the  57Fe  atoms  have 
four  Fe  and  four  Ag  nearest  neighbors.2 

Based  on  these  considerations,  we  conclude  that  compo¬ 
nent  1  in  the  spectrum  of  sample  1  is  associated  with  Fe  sites 
I  at  the  Fe/Ag  interface.  Components  2  and  3  correspond  to 
57Fe  atoms  that  do  not  make  contact  with  Ag  atoms  at  the 
Fe/Ag  interface.  Because  we  expect  a  smaller  area  for  the 
component  that  is  associated  with  Fe  site  m,  we  will  identify 
components  2  and  3  with  Fe  sites  n  and  III,  respectively. 


TABLE!.  Valuer  of  the  magnetic  hyperfine  fields  WM,  the  quadrupole  split¬ 
tings  OS,  and  the  isomer  drifts  is.  measured  with  respect  to  natural  iron. 
The  linewidtfa  T  is  shown  for  the  outside  lines  of  the  sextets. 


Component 

Rei. 

area 

Hvr 

(kOe) 

i.s. 

(mm/s) 

OS 

(mm/s) 

r 

(mm/s) 

Ag/TSFe/l^Fe/lOAgflAu 

1 

0.57 

292 

0.20 

-0.11 

036 

2 

0.25 

311 

0.08 

-0.05 

032 

3 

0.19 

325 

0.03 

-0.03 

0.32 

Ag/4.7Fe/l57Fe/4Fe/10Ag/9Au 

1 

1.00 

313 

0.02 

-0.01 

0.30 

TABLE  U.  Theoretical  and  experimental  values  of  &ffu=Hu(*)-ffu(/) 
(kOe)  for  different  positions  a  of  an  '  Fe  monolayer  in  the  Fe  multilayer  of 
MBE  grown  Ag/Fe/Ag  structures  The  theoretical  values  in  the  second  col¬ 
umn  arc  for  0  K,  the  experimental  values  are  determined  at  300  K.  The 
uncertainties  are  given  in  parentheses. 


Site  n 

Ag/5  Fe/Ag* 

A^6.7Fe/Agb 

Ag/9.7Fe/Ag‘ 

n 

4 

14(3) 

19(2) 

in 

IV 

24 

25(3) 

33(2) 

V 

21(2) 

"Ohnoahi  er  nf.7 
bSchurer  el  a l.‘ 
'Present  study. 


The  spectrum  obtained  for  sample  2  can  be  well  fitted 
with  only  one  sextet  component  (Table  I).  The  57Fe  in  this 
sample  is  deposited  in  Fe  sites  IV  and  V,  about  four  to  five 
atomic  layers  removed  from  the  Fe/Ag  interface  The  pres¬ 
ence  of  S7Fe  in  two  adjacent  atomic  layers  and  the  2%  abun¬ 
dance  of  57Fe  in  the  natural  iron  layers  is  probably  the  main 
cause  for  the  slightly  broadened  linewidth  of  the  sextet.  The 
i.s.  value  shown  in  Table  I  confirms  the  previous  correlation 
of  Fe  sites  and  MES  components,  i.e.,  the  i.s.  value  is  close 
to  zero  for  s7Fe  atoms  that  do  not  make  contact  with  Ag 
atoms  at  the  interface.  This  result  is  also  consistent  with  the 
calculations  of  the  charge  density  at  the  nucleus.7 

Table  II  shows  the  differences  between  the  tfh,  value  of 
the  iron  ML  at  the  interface  (site  I)  and  that  of  subsequent 
layers  below  the  interface  (site  II,  III,  and  V).  Our  results 
agree  fairly  well  with  those  of  Liu  and  Gradmann  if  the 
components  la  and  lb  in  their  spectrum  are  identified  as 
approximately  Fe  sites  I  and  II.  In  that  case  the  experimental 
data  qualitatively  supports  the  calculations  of  Ohnishi  er  a/.7 
which  show  that  the  Hu  value  should  increase  from  site  1  to 
site  II  positions.  Our  results  also  agree  with  the  calculations 
in  that  Hu  for  site  III  is  larger  than  for  site  I  Fe  atoms  in  a  5 
ML  Fe  film.  The  results  of  Liu  and  Gradman  for  a  40  ML  Fe 
film  suggest  that  the  Hu  values  steadily  decrease  towards  the 
center  of  the  Fe  film  for  Fe  layers  more  than  2  layers  re¬ 
moved  from  the  Fe/Ag  interface.  This  is  in  agreement  with 
our  results  for  a  9  ML  Fe  film  where  the  decrease  in 
starts  at  least  at  3  ML  away  from  the  interface.  It  would  be 
useful  to  extend  the  calculations  to  thicker  iron  multilayers. 
This  would  make  it  possible  to  make  a  more  complete  com¬ 
parison  between  theoretical  and  experimental  results. 
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Magnetization  reversal  procesaes  In  epitaxial  Fe/GaAs<001)  films 
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In  this  article  we  present  the  results  of  a  detailed  study  of  the  switching  behavior  observed  in 
epitaxial  single  Fe  hints  of  thickness  between  30  and  450  A,  and  a  wedge  shaped  Fe  him  with  a 
thickness  range  of  10-60  A  grown  on  GaAs  (001).  These  films  have  cubic  and  uniaxial  anisotropies 
which  change  with  film  thickness.  For  the  fixed  thickness  films  the  values  of  the  anisotropy 
constants  were  accurately  determined  by  Brillouin  light  scattering  (BLS)  measurements  together 
with  polar  magneto-optic  Kerr  effect  (MOKE)  measurements  that  gave  the  value  of  the 
magnetization.  The  switching  behavior  of  these  samples  was  observed  with  in-ptane  MOKE 
magnetometry  as  a  function  of  the  angle  between  the  applied  field  and  the  in-plane  crystallographic 
axes.  Measurements  of  the  component  of  magnetization  perpendicular  to  the  applied  field  allow  a 
precise  determination  of  the  relative  orientation  of  the  hard  and  easy  in-plane  anisotropy  axes.  This 
can  be  used  to  accurately  determine  the  ratio  of  uniaxial  to  cubic  anisotropy  constants,  when  this 
ratio  is  less  than  one.  The  ratios  obtained  from  MOKE  agree  well  with  those  obtained  from  BLS. 
Minimum  energy  calculations  predict  that  the  reversal  process  should  proceed  by  a  continuous 
rotation  of  the  magnetization  vector  with  either  one  or  two  irreversible  jumps,  depending  on  the 
applied  field  orientation  and  the  nature  of  the  anisotropy  of  the  film.  The  calculations  provide  a  good 
qualitative  description  of  the  observed  reversal  process,  although  the  magnetic  microstructure 
influences  the  exact  values  of  the  switching  fields. 


I.  INTRODUCTION 

A  number  of  groups  have  reported  magneto-optic  Kerr 
effect  (MOKE)  M-H  loops  for  the  component  of  magnetiza¬ 
tion  parallel  to  the  applied  field  (Afj)  which  show  “over¬ 
shoots”  which  depend  on  the  analyzer  setting  chosen  to  ob¬ 
serve  the  MOKE  signal.1  This  has  been  explained  as  an 
additional  optical  effect  caused  by  “mixing  in”  a  contribu¬ 
tion  caused  by  the  component  of  magnetization  perpendicu¬ 
lar  to  the  applied  field  (Mi).1  It  is  the  different  magnetic 
switching  behavior  observed  in  Afj  and  M  ±  that  produces  the 
overshoots  in  the  MyH  MOKE  loops.2-1  Here  we  extend  the 
previous  studies  of  this  system2-4  to  show  how  the  detailed 
switching  behavior  is  expected  to  vary  with  precise  orienta¬ 
tion  of  the  applied  field  and  the  exact  ratio  r  of  uniaxial  to 
cubic  anisotropy  constants  (r~KJK{),  which  are  known  to 
be  present  in  such  samples.4 

II.  EXPERIMENTAL  PROCEDURES 

The  samples  were  grown  under  ultrahigh  vacuum 
(UHV)  conditions  (pressure  during  evaporation  less  than 
~5X10-10  mbar)  on  GaAs  (001)  substrates  and  studied  by 
low-energy  electron  diffraction  LEED,  Auger  spectroscopy, 
and  in  situ  MOKE.  The  substrates  were  held  at  150  °C  dur¬ 
ing  Fe  growth  at  —1  A  min-1  from  the  e-beam  evaporator.  A 
series  of  samples  with  thickness  between  30  and  450  A  were 
grown,  together  with  a  wedge  shaped  Fe  film  in  the  thickness 
range  of  10-60  A.  Each  was  capped  with  ~20  A  of  Cr.  The 
in  situ  MOKE  was  used  to  study  the  evolution  of  the  mag¬ 
netic  anisotropy  as  the  Fe  films  were  grown5  so  that  films 
with  different  final  anisotropy  strengths  could  be  produced. 

The  fixed  thickness  samples  were  characterized  ex  situ 
using  Brillouin  light  scattering  (BLS)  and  polar  MOKE  to 
determine  the  anisotropy  constants  K,  and  K,  of  each 
sample.  By  fitting  the  BLS  data  as  a  function  of  the  angle  <t> 
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between  the  applied  field  direction  and  the  hard  uniaxial  an¬ 
isotropy  axis  it  was  possible  to  determine  the  quantities 
2KJM  and  2KJM  The  saturation  field  determined  from 
the  polar  MOKE  gave  the  value  of  the  magnetization  M  in 
the  samples,  ignoring  any  surface  anisotropy,  thus  allowing 
the  anisotropy  constants  to  be  determined  from  the  combined 
measurements.  The  thickness  dependence  of  the  anisotropy 
is  reported  elsewhere,5  but  in  general  it  was  found  that  thin¬ 
ner  Fe  layers  had  a  larger  anisotropy  ratio  r,  and  a  reduced 
average  magnetization.  Due  to  the  uniaxial  anisotropy  which 
was  found  to  be  parallel  to  a  (110)  direction,  the  two  (110) 
directions  in  the  sample  are  inequivalent  as  one  is  a  hard 
cubic  axis  and  hard  uniaxial  axis  (the  hard-hard  axis)  while 
the  other  is  a  hard  cubic  axis  and  easy  uniaxial  axis  (the 
hard-easy  axis). 

For  the  MOKE  measurements  the  sample  and  an  electro¬ 
magnet  were  separately  mounted  on  two  concentric  precision 
(0.001'  step)  rotary  stepper  drives,  so  that  they  could  each  be 
turned  independently  to  any  desired  orientation  over  the  full 
0°-360°  range  under  computer  control.  The  MOKE  tech¬ 
nique  used  here  measures  MOKE  M-H  loops  for  two  orien¬ 
tations  of  the  applied  field,  namely,  parallel  and  perpendicu¬ 
lar  to  the  plane  of  incidence  of  the  light.  By  using  the  same 
optical  geometry  for  each  measurement  it  was  possible  to 
determine  M  |  and  M 1  directly  from  the  resulting  loops.6-7 

III.  RESULTS 

In  general  it  was  found  that  the  magnitude  of  the  mag¬ 
netization  vector  remained  virtually  constant  during  the  re¬ 
versal  process  indicating  that  the  sample  behaved  as  a  single 
domain,  except  very  close  to  a  switching  field  value.  Figure 
1  shows  three  typical  sets  of  MOKE  loops  illustrating  the 
different  switching  behavior  observed  in  our  samples.  These 
loops  were  taken  from  the  wedge  shaped  Fe  film  for  an  an- 


/ 


0021  -897»/94/75(10)/5586W$6.00 


C  1994  American  InatttuM  of  Pfiyatca 


Field  (Oe) 


FIG.  1.  Typical  MOKE  loops  for  the  Fe  wedged  film  for  r=0.4±0.02.  (a) 
MyH  and  (b)  Mx-H  loops  at  <*= 75°.  (c)  MyH  and  (d)  M  L-H  loops  at 
<*=20 °  (e)  MyH  and  (f)  Mx-H  loops  at  ^=60°. 


isotropy  ratio  r=0. 4±0.02.  Figures  1(a)  and  1(b)  show 
MyH  and  M  l  -H  loops,  respectively,  for  4>=1S°.  Both  loops 
show  one  irreversible  jump  at  the  same  field  of  '  50  Oe  as 
the  field  is  reversed,  corresponding  to  “one-jump”  switch¬ 
ing.  Figures  1(c)  and  1(d)  show  M-H  and  M  L  -H  loops, 
respectively,  for  </>=20°.  Here  both  loops  show  two  irrevers¬ 
ible  jumps  as  the  field  is  reversed,  corresponding  to  "two- 
jump”  switching.  These  two  jumps  each  occur  when  the 
magnetization  traverses  each  of  the  two  hard  axis  directions 
that  exist  in  a  sample  with  |r|<l.  This  implies  that  when  the 
uniaxial  anisotropy  dominates  over  the  cubic  anisotropy  (i.e., 
|r|>l)  only  one-jump  switching  should  occur,  and  this  be¬ 
havior  is  indeed  observed.  Figures  1(e)  and  1(f)  show  MyH 
and  M l-H  loops,  respectively,  for  <£=60°.  In  this  case  a 
“reversed”  two-jump  switch  occurs  since  the  magnetization 
initially  rotates  away  from  the  field  direction  in  a  clockwise 
sense,  say,  but  switches  back  over  the  field  direction  in  an 
anticlockwise  sense. 

In  order  to  study  the  magnetic  switching  behavior  in 
more  detail  we  used  a  coherent  rotation  model8  to  calculate 
the  shape  of  the  MyH  and  M L  H  loops,  for  various  values 
of  4>  and  r.  These  calculations  indicated  that  the  reversal 
process  can  proceed  either  by  one  or  two  jumps  depending 
on  the  exact  values  of  <t>  and  r.  It  is  possible  to  understand 
the  calculated  switching  behavior  by  tracking  local  energy 
minima  as  a  function  of  applied  field  strength.  The  reversal 
,  ocess  starts  off  with  the  magnetization  sitting  in  the  posi¬ 
tive  saturation  energy  minimum  with  an  orientation  close  to 
the  applied  field  direction.  As  the  field  reverses  this  mini¬ 
mum  becomes  shallower  and  eventually  disappears.  At  this 
point  the  magnetization  undergoes  an  irreversible  jump  and 
falls  into  a  differt  '  energy  minimum.  In  the  one-jump 
switching  process  this  second  minimum  is  the  negative  satu¬ 
ration  energy  minimum,  and  the  magnetization  remains  in 
this  minimum  as  the  applied  field  is  taken  towards  negative 
saturation.  In  the  two-jump  switching  process,  there  is  a  third 
intermediate  energy  minimum  that  exists  when  the  positive 
saturation  minimum  disappears,  with  the  result  that  the  mag¬ 
netization  falls  into  this  minimum  in  preference  to  the  nega¬ 
tive  saturation  minimum.  However,  as  the  field  is  further 
reversed  this  intermediate  minimum  also  disappears  and  the 
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FIG.  2.  Calculated  and  experimental  phase  diagram  of  one-  and  two-jump 
switching  as  a  function  of  applied  field  orientation  <*  and  anisotropy  ratio  r. 
The  solid  lines  indicate  the  calculated  boundary  between  one-  and  two-jump 
switching,  while  the  dashed  line  shows  (he  calculated  position  of  the  easy 
axis.  Experimental  switching  is  indicated  by  the  symbols:  • — one -jump 
switching;  O — normal  two-jump  switching;  □ — reverse  two- jump  switch¬ 
ing:  A — cannot  discriminate  between  one-  or  two-jump  switching. 

magnetization  eventually  ends  up  in  the  negative  saturation 
energy  minimum.  For  one-jump  switching  it  is  also  possible 
that  the  intermediate  minimum  is  initially  present,  but  disap¬ 
pears  just  before  the  positive  saturation  minimum  disappears. 
However,  in  real  magnetic  films  the  magnetization  can 
switch  via  domain  wall  sweeping  before  the  positive  satura¬ 
tion  minimum  has  disappeared,  and  before  the  intermediate 
minimum  has  disappeared  with  the  result  that  a  two-jump 
switch  occurs  when  the  calculations  predict  a  one-jump 
switch,  and  in  this  case  two  possibilities  occur.  When  </>  is  on 
the  hard-hard  axis  side  of  the  easy  axis,  normal  two-jump 
switching  is  seen  to  occur  [Figs.  1(c)  and  1(d)],  When  d>  is 
on  the  hard-easy  axis  side  of  the  easy  axis  a  reverse  two- 
jump  switch  is  seen  [Figs.  1  (e)  and  1  (f)J. 

The  switching  processes  are  illustrated  in  Fig.  2,  which 
shows  the  calculated  phase  diagram  for  one-  and  two-jump 
switching  as  a  function  of  <p  and  r.  T  he  boundary  between 
the  one-  and  two-jump  switching  regimes  is  shown  by  a  solid 
line,  and  is  defined  as  the  point  at  which  the  intermediate  and 
positive  saturation  minima  both  disappear  at  the  same  ap¬ 
plied  field.  A  simple  expression  for  the  angle  6  between  the 
hard-hard  axis  and  the  easy  axis,  shown  by  the  dashed  line 
on  Fig.  2,  is  given  by 

cos  2 0=-r,  for  jr|«SI, 

0=90°,  for  |r|»l.  (1) 

Experimental  results  for  three  samples  with  anisotropy 
ratios  of  —0  (sample  1 — almost  completely  cubic).  0.4.  0.6, 
0.8,  and  1.1  (sample  2 — various  positions  along  the  wedge 
shaped  sample),  and  1.8  (sample  3 — strongly  uniaxial)  are 
also  shown  at  5°  intervals  with  different  symbols  to  indicate 
different  switching  behavior.  For  |r|>l  the  calculations 
show  that  only  one-jump  switching  can  occur,  and  this  is 
confirmed  by  the  experimental  results  for  sample  3  and 
sample  2  (with  r  =  l.l).  The  results  for  sample  2  (with 
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FIG.  3.  The  two-jump  switching  fields  H  and  /'  (top  panels),  and  their 
difference  A Hr  (bottom  panel)  as  a  function  of  a; ,  \ed  held  orientation  ip. 

r^O.4,  0.6,  and  0.8)  are  in  good  agreement  with  the  calcu¬ 
lations,  though  close  to  the  easy  axis  it  is  difficult  to  dis¬ 
criminate  between  one-  and  two-jump  switching.  Reverse 
two-jump  loops  are  only  seen  on  the  hard-easy  axis  side  of 
the  easy  axis.  For  sample  1,  the  observed  switching  behavior 
conflicts  with  that  predicted  by  the  calculations  since  two- 
jump  switching  is  always  present  indicating  that  domain  wall 
sweeping  can  be  more  easily  induced  when  r  is  close  to  zero. 

For  two-jump  switching,  as  </>  approaches  an  easy  axis 
the  difference  \HC  between  the  two  switching  fields  Hcl, 
defined  as  the  larger  switching  field,  and  Hcl  is  reduced,  and 
very  close  to  the  easy  axis  A Hc  can  be  -2  Oe.  The  depen¬ 
dence  of  Hci,  Hc2,  and  A Hc  on  </>  is  shown  in  Fig.  3  for 
sample  1,  as  <t>  varies  between  0°  (hard  axis)  and  45°  (easy 
axis).  Hc2  is  seen  to  remain  almost  constant  at  —12  Oe  up  to 
<£~30°,  beyond  which  it  gradually  increases  to  —15  Oe  at 
<£=45°.  However,  Hcl  changes  rapidly  from  —300  Oe  down 
to  —25  Oe  at  <£~30°,  and  then  gradually  decreases  to  —17 
Oe  at  <£=45°.  Thus  A Hc  changes  from  —300  Oe  at  <6=0°  to 
—2  Oe  at  <£=45°,  providing  a  tuneable  switching  behavior 
that  may  be  of  use  in  device  applications. 

When  the  applied  field  direction  is  close  to  a  hard  or 
easy  axis,  the  magnetization  vector  moves,  respectively, 
away  from  or  towards  the  axis  as  the  field  is  reduced.  There¬ 
fore,  depending  on  which  side  of  the  anisotropy  axis  the  field 
is  applied,  the  magnetization  will  move  either  in  a  clockwise 
or  anticlockwise  sense.  A  change  in  the  clockwise  or  anti¬ 


clockwise  motion  of  the  magnetizatjpn  can  be  clearly  seen  in 
M±-H  MOKE  loops,  and  by  using  high  precision  rotary 
stepper  drives  to  turn  the  sample  and  align  the  magnet,  it  is 
possible  to  accurately  determine  the  angles  of  the  hard  and 
easy  axes  in  the  sample  plane.  Since  the  angle  between  the 
easy  axis  and  the  hard-hard  axis  varies  with  r,  as  given  by 
Eq.  (1),  it  is  possible  to  determine  r  when  |r|<l  from 
MOKE  measurements,  and  these  values  agree  well  with 
those  determined  by  BLS.  However,  for  the  case  of  |r|»l 
MOKE  cannot  be  used  to  determine  r  directly. 

IV.  SUMMARY 

We  have  studied  the  switching  behavior  of  Fe/GaAs 
samples  for  various  values  of  uniaxial  and  cubic  anisotropy 
constants  using  in-plane  MOKE  magnetometry.  Coherent  ro¬ 
tation  calculations  showed  that  the  switching  mechanism  de¬ 
pends  on  <£  and  r.  In  general,  the  observed  switching  behav¬ 
ior  agreed  well  with  the  switching  mechanism  predicted  by 
the  calculations,  though  in  some  cases  domain  wall  sweeping 
caused  two-jump  switching  where  one-jump  switching  was 
expected  from  the  calculation.  The  two-jump  switching  fields 
were  found  to  depend  on  r,  and  for  a  field  applied  close  to 
the  cubic  easy  axis  the  difference  in  the  switching  fields 
could  be  as  little  as  2  Oe.  It  was  found  that  r  could  be 
accurately  found  from  the  MOKE  data  by  determining  the 
angles  at  which  the  magnetization  switched  between  a  clock¬ 
wise  or  anticlockwise  motion.  A  simple  analytical  expression 
for  this  angle  was  given,  and  the  experimental  results  for  r 
determined  from  MOKE  agreed  well  with  that  found  from 
the  BLS  measurements.  Since  the  sample  behaves  mostly  as 
a  single  domain  and  the  switching  process  is  controllable, 
this  behavior  is  of  interest  for  device  applications. 
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Surface  magnetization  processes  investigated  by  the  combined  surface 
magneto-optical  Kerr  effects  In  Fe/Cu(100)  thin  films 
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Surface  and  ultrathin-film  anisotropies  in  epitaxial  fee  Fe  thin  films  grown  on  room  temperature 
Cu(100)  single  crystals  in  an  ultrahigh  vacuum  has  been  investigated,  in  situ,  by  the  combined 
surface  magneto-optical  Kerr  effects  (SMOKE).  When  the  applied  field  is  perpendicular  to  the  film 
surface,  rotation  processes  occurring  between  out-of-plane  and  in-plane  directions  suggest  the 
presence  of  an  induced  uniaxial  ( canted )  anisotropy  directed  out  of  the  plane  of  the  film.  This 
hypothesis  is  tested  with  a  simple  coherent  rotation  model. 


I.  INTRODUCTION 

The  low-dimensional  properties  predicted  for  ultrathin 
ferromagnetic  films  has  stimulated  considerable  interest  in 
exploring  epitaxial  metal/metal  systems.1  The  most  studied, 
and  perhaps  the  most  complex  metal/metal  epitaxial  system, 
is  fee  Fe/Cu(100).  Interpretation  of  data  from  the  fee  Fe/ 
Cu(100)  system  is  complicated  by  a  rich  physical  structure, 
which  includes  bilayer  growth  during  initial  phases  of 
epitaxy,2'6  strain  relief  at  intermediate  thicknesses,  weak  sur¬ 
face  reconstructions,7  and  fee  to  bcc  transitions.8  Behavior  of 
growth-temperature  and  film-thickness  correlations  with  the 
magnetic  spin  orientations  have  also  been  intensively 
studied.2,9,10  Our  results  for  room  temperature  epitaxial  Fe/ 
Cu(100)  thin  films11,12  indicate  that  subsurface  Fe  islands  can 
form  during  the  initial  phases  of  epitaxy.  For  films  thicker 
than  2  ML,  nearly  continuous  Fe  films  have  been  observed, 
consistent  with  the  onset  of  ferromagnetic  ordering.  Polar 
and  longitudinal  Ketr-effect  measurements  show  that  the 
easy  axis  transition  from  out  of  plane  to  in  plane  (of  the  film) 
occurs  near  a  thickness  of  4.7  ML.  Here,  we  describe  a 
unique  implementation  of  a  combined  three-axis  magneto¬ 
optical  Kerr  effect  apparatus  that  is  used  to  explore  mixed 
in-plane/out-of-plane  rotation  modes  in  ultrathin  film  Fe/ 
Cu(100). 


II.  THE  COMBINED  THREE-AXIS  SURFACE 
MAGNETO-OPTICAL  KERR  EFFECTS 

Three  magneto-optical  Kerr  effects  (polar,  longitudinal, 
and  transverse  effects  are  shown  in  Fig.  1)  are  classified 
according  to  the  direction  of  the  magnetization  with  respect 
to  the  plane  of  the  incidence.  Since  the  Kerr  effect  exists  for 
any  arbitrary  direction  of  the  magnetization  (relative  to  the 
scattering  plane),  for  non-normal  incidence,  magnetization 
loops  obtained  from  any  of  the  three  Kerr  effects  may  con¬ 
tribute  to  the  detected  signal.  With  different  orientations  of 
polarizer,  modulator,  and  analyzer,  SMOKE  can  detect  either 
all  three  magnetization  components  or  any  one  of  them. 
Thus,  thin-film  anisotropies  and  switching  modes  can  be 
studied  by  comparing  Kerr-effect  magnetization  loops.13,14 
The  normalized  light  intensity  of  the  combined  three-axis 
surface  magneto-optical  Kerr  effects  for  our  SMOKE  mea¬ 
surements  can  be  expressed  as13 


1 = m2(rp2+miV^)2  +  2m  pm  ,rppsr'ps  cos(<5£,-  <5-,,) 

+0.2r'ppmprpp,  sin^-dpsin  tot 

+0.2 rppm/pj  sin(  Sfpp-  <5j„)sin  tot,  (1) 

where  m,  and  mp  are  the  direction  cosines  of  the  magnetiza¬ 
tion  axes  along  the  applied  field  direction  (projection  of  M 
onto  H)  for  longitudinal  and  polar  Ken  effects,  respectively. 
r'ps  and  Sfps  are  the  absolute  magnitude  and  the  phase  angle 
of  the  Fresnel  reflection  coefficients  [superscripts  indicate 
(p)  polar  or  (I)  longitudinal  Ken  effects],  and  to  is  the  an¬ 
gular  frequency  of  the  modulator.13  The  expression  for  the 
intensity  is  independent  of  the  transverse  Kerr  effect,  regard¬ 
less  of  the  direction  of  the  applied  magnetic  field  in  our 
SMOKE  arrangement.  It  includes  the  contributions  from 
both  polar  and  longitudinal  Ken  effects,  which  allows  us  to 
investigate  magnetization  reorientations  between  out-of- 
plane  and  in-plane  directions  simultaneously. 

III.  EXPERIMENTAL  RESULTS 

The  specimen  preparation  chamber  of  an  UHV  scanning 
transmission  electron  microscope  (STEM),2  a  Vacuum  Gen¬ 
erators  HB501-S,  operating  at  base  pressures  of  5X10'11 
mbar,  has  been  equipped  with  an  in  situ  SMOKE  character¬ 
ization  system. 


FIG.  1.  A  schematic  diagram  of  a  SMOKE  experiment.  The  polarizer, 
modulator,  and  analyzer  angles  are  $p ,  $m ,  and  0a ,  respectively,  relative  to 
the  scattering  plane.  The  longitudinal,  transverse,  and  polar  Kerr  effect  di¬ 
rections  are  also  shown. 
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nai,  (b)  45°  from  longitudinal  (in  the  plane  of  the  film  surface),  (c)  trans-  Norm  F»W  (units)  Norm.  Field  (units) 

verse,  and  (d)  normal  to  the  film  surface  (polar)  directions,  respectively. 

Applied  fields  in  (a)-(c)  are  in  the  film  plane. 

FIG.  3.  Computed  SMOKE  loops  are  shown  for  applied  fields  along  the  (a) 
longitudinal  (b)  45°  from  longitudinal  (in  the  plane  of  the  film  surface),  (c) 
transverse,  and  (d)  normal  to  the  film  surface  (polar)  directions,  respectively. 

Longitudinal,  polar,  and  transverse  hysteresis  loops  were  Since  the  polar  Kerr  signal  contains  both  longitudinal  and  polar  components 

recorded  by  scattering  modulated  (polarized),  He-Ne  (632.8  ,(f>  fT1  Uk  P°'“  “>  1“  3(d)).  re- 

,  ,  °  ^  ”  '  spectively  All  loops  arc  displayed  on  the  same  scale. 

nm)  laser  light  from  magnetic  surfaces  at  an  angle  of  inci¬ 
dence  of  45°.13  Nanometer  lateral  spatial  resolution  surface 

microanalysis,  using  secondary  electron  or  Auger  electron  fines  the  direction  of  the  easy  axis  in  the  film  plane,  and  c  is 

spectroscopy  and  imaging  allows  for  epitaxial  film  micro-  a  constant  whose  value  is  1  (2)  for  uniaxial  (cubic)  in-plane 

structure  to  be  correlated  with  magnetic  properties.  anisotropy.  External  fields  include  the  ramping  field  and  any 

Single  crystal  Cu(100)  substrates,  were  electropolished,  residual  external  stray  fields.  This  expression  was  minimized 

cyclically  sputtered  at  330  °C  with  600  eV  Ar  ions  at  45°  using  a  conjugate  gradient  method.  The  results  of  this  mini¬ 
incident  angles,  then  annealed  at  600  °C.  The  thickness  de-  mization  are  shown  in  Figs.  3(a)-3(f).  The  computed  loops 

pendence  of  SMOKE  hysteresis  loops  of  as-grown  fee  Fe  on  are  meant  to  indicate  gross  structure  as  a  means  of  interprel- 

room  temperature  Cu(100)  substrates  has  been  given  ing  the  SMOKE  results,  and  discrepancies  between  the  com- 

elsewhere.2  In  summary,  for  Fe  film  thicknesses  below  2ML,  puted  loops  and  the  measurements  are  due  to  the  crudeness 

no  magnetic  response  was  observed.  The  initial  magnetic  of  the  model  (i.e.,  no  domain  walls  or  domain  wall  motion): 

response  is  observed  as  a  zero-remanence,  linear  hysteresis  j  IK 

loop  in  the  polar  direction,  with  no  magnetization  in-plane.  E~-  sin2(0-a)  +  —  — 1 -  sin2[c(d>-0)]sin2  8 

At  intermediate  thicknesses,  3.5  ML,  remanent  polar  and  ^ 

longitudinal  SMOKE  loops  are  observed.  While  the  in-plane  2irA/s  /  Ht 

loop  is  square,  the  tilted  polar  loop  displays  the  effects  of  +Ttk — /ITT  cos?  ^~\7J1P — Tu~\  sin  cos  V 

shape  anisotropy  indicating  a  canted  easy  axis.  SMOKE  °"  '  ou’  J 

loops  from  thicker  films,  4.7  ML  loose  polar  remanence,  but  H,  Hp  \ 

retain  square  in-plane  loops  characteristic  of  an  in-plane  easy  +  (2Km/Ms)  Sin  ®  **n  <p+ (2 )  005  ®  j ' 

axis. 

We  examined  the  magnetization  switching  process  for  ® 

the  as-deposited  4.7  ML  thick  Fe.  In  Figs.  2(a)-2(d),  The  in-plane  anisotropy  is  cubic,  and  oriented  at  45° 

SMOKE  loops  are  shown  for  applied  fields  along  the  longi-  from  the  longitudinal  direction  (in  the  plane  of  the  film  sur- 

tudinal,  45°  from  longitudinal  (in  the  plane  of  the  film  sur-  face).  The  perpendicular  anisotropy  is  uniaxial  and  oriented 

face),  transverse,  and  normal  to  the  film  surface  (polar)  di-  10°  out  of  the  film  surface.  The  out-of-plane  anisotropy  was 

rections,  respectively.  Applied  fields  in  Figs.  2(a)-2(c)  are  in  twice  as  large  as  the  in-plane  component,  and  equal  to 

the  film  plane.  A  coherent  rotation14'15  model  was  employed  2i tM,  .  Figs.  3(a)— 3(d)  show  SMOKE  hysteresis  loops  com- 

to  interpret  these  results.  The  normalized  energy  functional  is  puted  for  the  identical  conditions  described  for  Figs.  2(a)- 

given  in  Eq.  (2),  where  fCm  and  KM  are  the  in-plane  and  2(d).  Since  the  polar  Kerr  signal  contains  both  longitudinal 

out-of-plane  anisotropies,  Ms  is  the  saturation  magnetization,  and  polar  components  [Eq.  (1)],  Figs.  3(e)  and  3(f)  show  the 

H/,  H,,  and  Hp  are  the  longitudinal,  transverse  and  polar  polar  and  longitudinal  components,  respectively.  The  polar 

applied  magnetic  fields,  8  is  the  polar  angle  (from  the  polar  signal  is  five  times  as  large  and  of  opposite  sign  than  the 

direction,  (<t>  is  the  azimuthal  angle  (from  the  longitudinal  longitudinal  signal.13  The  general  features  are  the  asymmetri- 

direction),  a  defines  the  out-of-plane  easy-axis  angle,  fl  de-  cal  structure  on  the  comers  of  the  loops  in  Figs.  2(b)  and 
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3(b),  the  twin  peak  structures  in  Figs.  2(c)  and  3(c),  and  the 
canted/inverted  loops  in  Figs.  2(d)  and  3(d).  When  the  field 
is  applied  in  the  transverse  direction,  a  small  stray  field 
forces  the  loops  to  close  in  the  same  direction,  thus  not  com¬ 
pleting  a  360°  rotation  in  plane.  This  is  strong  evidence  for 
in-plane  biaxial  anisotropy.13  When  the  field  is  applied  along 
the  polar  direction,  the  magnetization  rotates  from  a  direction 
perpendicular  to  the  plane  into  the  plane  as  the  field  is  re¬ 
duced.  As  the  field  changes  sign,  the  magnetization  rotates  in 
the  plane  of  the  surface  first,  aligning  itself  with  the  projec¬ 
tion  of  the  easy  magnetization  direction  in  the  plane  of  the 
film.  As  the  field  is  further  increased,  the  linear  magnetiza¬ 
tion  curve  is  once  again  observed.  Upon  return,  the  magne¬ 
tization  rotates  within  the  film  plane  thus  completing  at  least 
a  180°  rotation  within  the  film  plane  during  the  switching 
process.  These  observations  provide  direct  evidence  for  a 
canted  induced  uniaxial  anisotropy. 

IV.  CONCLUSION 

Three  axis  SMOKE  measurements  were  used  to  deter¬ 
mine  the  switching  mode  of  intermediate  thickness  fee  Fe/‘ 
Cu(100)  epitaxial  thin  films.  SMOKE  loops  observed  with 
polar  applied  fields  indicate  a  canted  induced  uniaxial  anisot- 
ropy. 
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The  Initial  phases  of  epitaxy  of  fee  Fe/Cu(100):  Supersurface 
and  subsurface  island  formation 

S.  D.  Healy,  K.  R.  Heim,  Z.  J.  Yang,  G.  G.  Hembree,  J.  S.  Drucker,** 
and  M.  R.  Scheinfein 

Department  of  Physics  and  Astronomy,  Arizona  State  University,  Tempe,  Arizona  85287-1504 

Nanometer  transverse  resolved  real  space  observations  of  the  initial  phases  of  room-temperature 
heteroepitaxy  of  fee  Fe/Cu(100)  indicate  that  vertical  atomic  site  exchange  occurs  locally.  The 
formation  of  two-dimensional  supersurface  and  subsurface  islands  has  been  characterized  by 
secondary  and  Auger  electron  imaging.  The  persistence  of  vertical  site  exchange  during  the 
deposition  of  the  first  two  monolayers  is  not  inconsistent  with  the  lack  of  observed  ferromagnetism 
for  the  room-temperature  grown  fee  Fe/Cu(100)  at  these  coverages. 


Ferromagnetic  ultrathin  epitaxial  films  grown  on  single 
crystal  metal  substrates  display  unusual  properties  character¬ 
istic  of  two-dimensional  ferromagnetism  stabilized  by  mag¬ 
netic  (surface)  anisotropy.1  Extensive  work  has  been  devoted 
to  correlating  film  microstructure  with  magnetic  properties  of 
the  metastable2  epitaxial  fee  Fe/Cu(100)  system.  This  has 
been  stimulated  by  observations  of  rich  structural  properties 
present  during  various  phases  of  film  growth,3" 10  including 
bilayer  growth  during  initial  phases  of  epitaxy,6'7  weak  sur¬ 
face  reconstructions,3  strain-relief  and  fee  to  bcc  transitions 
for  thicknesses  greater  than  11  ML  (monolayer)  (e.g.,  4). 
Vertical  site  exchange  during  the  initial  phases  of  epitaxy 
have  been  observed  by  high-resolution  low-energy  electron 
diffraction,11  x-ray  photoeiectron  forward  scattering,12  and 
scanning  tunneling  microscopy.13  In  this  article,  we  report 
not  only  on  the  supersurface  Fe  island  formation,  but  also  on 
real  space,  chemically  specific,  nanometer  resolved  observa¬ 
tions  of  what  appears  to  be  subsurface  island  formation  dur¬ 
ing  the  initial  phases  of  room-temperature  epitaxial  growth 
of  fee  Fe/Cu(100). 

The  specimen  preparation  chamber  of  an  ultrahigh 
vacuum  (UHV)  scanning  transmission  electron  microscope 
(STEM),14  a  Vacuum  Generators  HB501-S,  operating  at  a 
base  pressure  of  5 x  10" 11  mbar,  has  been  equipped  for  the  in 
situ  preparation  and  characterization  of  ultrathin  magnetic 
films.  This  instrumentation  includes  an  ion  sputtering  gun,  a 
broad  beam  Auger  electron  spectrometer,  a  reflection  high- 
energy  electron  diffraction  (RHEED)  analysis  system,  a 
specimen  heating  stage  (7'<800  °C),  and  an  electron  beam 
evaporator.  Magnetic  properties  are  characterized  using  a 
novel  three-axis  implementation  of  the  surface  magneto¬ 
optic  Ken  effect  (SMOKE).15  Nanometer  lateral  spatial  reso¬ 
lution  surface  microanalysis,  using  secondary  electron  (SE) 
and  Auger  electron  (AE)  spectroscopy  and  imaging,14  was 
performed  in  the  magnetic  field  of  the  STEM  objective  lens 
using  the  parallelizer  principle.14,16  This  instrumentation  al¬ 
lows  for  the  epitaxial  film  microstructure  to  be  correlated 
with  magnetic  properties  and  is  described  in  detail 
elsewhere.17 

Single  crystal  Cu(100)  substrates,  1  mm  thick  and  3  mm 
in  diameter,  were  electropolished,18  sprnered  at  330  °C  with 
225  nA  of  600  eV  Ar  ions  at  45°  inciuent  angles,  then  an- 
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nealed  at  600  °C.  Samples  were  observed  in  the  electron  mi¬ 
croscope  with  biased  SE  imaging  after  the  surface  oxygen 
concentration  had  been  depleted  below  the  minimum  detect¬ 
able  limits  of  our  broad  beam  AE  spectrometer.  These  sur¬ 
faces  often  displayed  small  copper-oxide  islands17  at  cover¬ 
ages  of  less  than  0.01  %  of  a  monolayer  which  can  be  imaged 
in  the  microscope.  Fe  films  were  grown  with  an  electron 
beam  Fe  source  on  clean,  room-temperature  (T<40°C) 
Cu(100)  surfaces.  Room-temperature  growth  ensures  longer 
(surface)  diffusion  lengths  and  films  with  lower  defect  den¬ 
sities.  Evaporation  rates  of  0. 14  ML/min  were  calibrated  us¬ 
ing  Auger  electron  spectroscopy,  Rutherford  backscattering, 
and  a  quartz-crystal  microbalance.  The  pressure  during 
evaporation  was  normally  below  2X10  9  mbar. 

The  thickness  dependence  of  the  SMOKE  hysteresis 
loops  of  as-grown  fee  Fe/Cu(100)  films,  and  the  observation 
of  a  field  induced,  metastable  state  has  been  correlated  with 
the  film  microstnicture.19  Here,  we  focus  on  the  character¬ 
ization  of  films  during  the  initial  phases  of  epitaxy  which  are 
observed  to  be  nonmagnetic.  Figure  1  illustrates  the  surface 
structure  of  clean  Cu(100)  as  observed,  in  situ,  using  nm 
resolution  UHV  SE  microscopy.  The  surface  has  terraces 
with  an  average  width  between  25  and  75  nm  (although 
some  regions  of  the  surface  have  extremely  broad  terraces), 
separated  by  steps  (step  bands)  seen  as  white  lines.  The 


FIG.  1.  High -resolution  secondary  electron  micrographs  of  a  clean  Cu(100) 
surface.  The  white  lines  are  steps  (step  bands)  between  terraces.  The  terraces 
have  an  average  width  of  25  to  75  nm. 
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FIG.  2.  Alter  deposition  of  0J3  ML  of  Fe  at  room  temperature  supersurface 
islands  are  atracrved:  (a)  secondary  electron  (SE)  image,  (b)  contour  map  of 
SE  image  indicating  island  posttxxts.  (c)  Cu  LMM  Auger  electron  (A£) 
image  indicating  Cu  depletion  (black)  legions,  (d)  corresponding  contour 
map  of  the  Cu  AE  image,  <e)  Fe  LMM  AE  image  indicating  Fe  (white) 
islands,  and  (f)  the  corresponding  contour  map  of  the  Fe  AE  image.  The 
correlation  of  these  three  signals  indicates  that  the  islands  have  formed  upon 
the  Cu  surface.  These  three  images  have  identical  scale  factors. 

widely  separated  nodules  are  copper-oxide  contamination  re¬ 
maining  after  surface  preparation.  After  Fe  deposition, 
RHEED  analysis  indicated  an  fee  film  structure  with  the  in¬ 
plane  lattice  constant  of  the  substrate  (3.61  A)  for  all  films 
thinner  than  10  ML.  (Our  RHEED  measurements  permit  an 
evaluation  of  the  in-plane  lattice  constant  to  within  ±4%.) 

At  low  film  coverages,  supersurface  island  formation  can 
be  observed  locally  by  correlating  the  SE  images  with  the  Cu 
and  Fe  AE  images.  One  such  set  of  spatially  correlated  im¬ 
ages  is  displayed  in  Fig.  2  for  a  0.33  ML  thick  Fe  film.  SE 
images  are  sensitive  to  both  the  work  function  and  topogra¬ 
phy  of  the  surface.20  The  SE  image  in  Fig.  2(a)  illustrates 
supersurface  Fe  islands  with  the  corresponding  contour  plot 
shown  in  Fig.  2(b).  The  large  island  (—45  nm  in  diameter) 
has  intensity  contours  near  its  upper  left  quadrant  indicating 
that  this  island  is  composed  of  more  than  1  ML  of  Fe  within 
the  bulk  of  the  island.  The  contrast  of  the  smaller  islands  is 
identical  to  the  contrast  of  the  tip  of  the  larger  island  (within 
the  signal-to- noise  limits  of  these  measurements)  indicating 
identical  Fe  island  thicknesses.  AE  images  and  contour  maps 
derived  from  the  Cu  [Figs.  2(c)  and  2(d)]  and  Fe  [Figs.  2(e) 
and  2(f)]  Auger  electron  signals  can  be  directly  correlated 
with  the  SE  image  of  the  Fe  islands.  The  AE  images  are 
produced  by  raste ring  the  finely  focused  100  keV  incident 
electron  beam  across  the  sample  surface  and  collecting  most 
of  the  Fe  (Cu)  LMM  peak  Auger  electrons  using  a  spectrom¬ 
eter  with  a  1.5  eV  window  which  is  selected  to  pass  electrons 
with  the  respective  energy  thus  generating  a  two-dimensional 


FIG.  3.  Alter  deposition  of  1.7  ML  of  Fe  at  room  temperature,  subsurface 
islands  are  observed:  (a)  secondary  electron  image,  (b)  Cu  LMM  Auger 
electron  (AE)  image  indicating  Cu  depletion  regions  (black),  and  (c)  Fe 
LMM  AE  image  indicating  Fe  rich  regions  (white).  The  correlation  of  the 
structure  in  (b)  and  (c)  and  the  lack  of  any  contrast  in  (a)  indicates  that  these 
islands  are  within  the  surface  of  the  substrate.  These  three  images  have 
identical  scale  factors. 


surface  map.  A  background  map  for  each  Auger  map  is  sub¬ 
sequently  acquired  by  selecting  the  passband  of  the  spec¬ 
trometer  to  lie  20  eV  higher  than  the  Auger  peak  energy.  The 
images  shown  in  Figs.  2(c)  and  2(e)  result  from  subtracting 
the  background  map  from  the  peak  map,  such  that  the  inten¬ 
sity  within  each  pixel  of  the  image  is  proportional  to  the 
number  of  counts  within  a  particular  Auger  peak,  and,  there¬ 
fore,  proportional  to  the  number  of  atoms  probed  by  the  in¬ 
cident  beam14  (the  sensitivity  factors  for  the  Cu  and  Fe  LMM 
peaks  are  almost  identical).  The  black  areas  in  Fig.  2(c)  in¬ 
dicate  the  lack  of  a  Cu  signal,  while  the  white  areas  in  Fig. 
2(e)  indicate  the  presence  of  Fe.  It  is  evident  by  correlating 
the  contrast  in  the  images  and  contour  maps  that  the  large 
island  and  several  smaller  islands  are  composed  of  Fe.  Since 


FIG.  4.  The  same  surface  as  depicted  in  Fig.  3:  (a)  Cu  LMM  Auger  electron 
(A£)  image  jadscasing  Cu  depietioo  regions  (black)  wrtb  sspeshnpoecd  sub¬ 
surface  island  contour  lines  and  (bl  Fe  LMM  AE  image  wheat  mg  Fe  rich 
regions  (arhite)  with  sttperieoposed  subsurface  island  coatour  lines.  These 
two  images  have  identical  scale  factors 


the  signal-to- noise  ratio  is  much  better  in  the  SE  image,  the 
island  density  pictured  in  Fig.  2(a)  likely  characterizes  the 
surface. 

Figures  3(a)-3(c)  display  SE,  Cu  AE,  and  Fe  AE  im¬ 
ages,  respectively,  all  in  registry  for  a  Cu  substrate  with  1.7 
ML  of  Fe  deposited  at  room  temperature.  The  bright  regions 
in  the  SE  image  are  not  correlated  with  any  structure  in  the 
Cu  [Fig.  3(b)]  or  Fe  [Fig.  3(c)]  AE  images.  However,  these 
same  Cu  and  Fe  AE  images  with  superimposed  contour 
plots,  shown  in  Figs.  4(a)  and  4(b),  respectively,  indicate  that 
the  regions  depleted  of  Cu  are  rich  in  Fe.  Since  there  is  no 
contrast  in  the  SE  image,  and  the  SE  yield  for  fee  Fe  and  Cu 
are  practically  identical  ($*=^,=0.38  at  20  keV),21  we 
conclude  that  there  is  no  topographic  structure  on  the  surface 
in  this  region,  indicating  that  the  contrast  observed  in  the  AE 
images  is  a  result  of  two-dimensional  subsurface  island  for¬ 
mation.  This  conclusion  is  consistent  with  the  work  of 
others.11-13  We  have  also  observed  both  types  of  island 
growth  as  well  as  layer-by-layer  growth  in  the  same  film  at 
different  positions  along  the  film.  This  indicates  that  these 
phenomena  are  controlled  by  locally  varying  template  sur¬ 
face  conditions. 

Our  observations  suggest  that  in  the  regions  where  sub¬ 
surface  islands  occur,  a  vertical  Fe-Cu  atomic  site  exchange 
occurs.  This  process  continues  until  the  driving  force  causing 
the  exchange  diminishes.  We  observed  this  Fe  coverage  to  be 
thicker  than  2  ML,  beyond  which  continuous  Fe  films  grew. 


The  lack  of  ferromagnetic  ordering  observed  in  this 
sub-2  ML  regime  is  not  inconsistent  with  the  observed 
growth  process.  In  order  for  the  moment  of  an  Fe  island  to  be 
stable  against  thermal  fluctuations,  it  must  have  a  minimum 
size.  Assuming  a  Boltzmann-type  probability  distribution,  it 
is  straightforward  to  show  that  most  of  the  Fe  islands,  which 
are  —4  nm  in  diameter  [Figs.  2(a)  and  2(b)],  are  too  small  for 
the  moments  to  be  unaffected  by  thermal  energy. 

In  summary,  we  have  observed  bod)  supersurface  island¬ 
ing  and  subsurface  islanding  through  vertical  atomic  site  ex¬ 
change  in  room-temperature  grown  films  of  fee  Fc/Cu(100) 
in  the  0-2  ML  regime.  We  observed  no  long  range  order  to 
either  the  sub-  or  supersurface  islands.  These  observations 
are  not  inconsistent  with  the  lack  of  ferromagnetism  ob¬ 
served  in  room-temperature  grown  sub-2  ML  fee  Fe/Cu(100) 
ultrathin  films. 
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Effect  of  surface  layers  on  ferromagnetic  resonance  in  thin  Fe  films: 
Nl,  Co,  SI,  and  YBaaCugOy. s 

P.  Lutrtz,  M.  Rubinstein,  D.  B.  Chrisey,  J.  S.  Horwitz,  and  P  R.  Broussard 

Neva!  Research  Laboratory,  Washington,  DC  20375 

The  results  of  ferromagnetic  resonance  experiments  on  10  nm  polycrystalline  films  of  Fe  with  very 
thin  surface  layers  of  Ni  and  Co,  using  Si  and  a  high  temperature  superconductor  (YB CO)  as 
substrates  is  reported  herein.  An  earlier  fair  investigation  of  Fe  films  on  YBCO  showed  strongly 
temperature  dependent  linewidths  and  resonance  fields  but  only  small  effects  in  Fe  on  Si.  In  this 
wort,  the  resonance  of  Fe  on  Si  is  found  to  be  significantly  narrower  when  the  Fe  film  has  thin  (0.S 
to  1.0  nm)  Ni  surface  layers,  compared  to  uncoated  Fe;  linewidths  are  as  narrow  as  15  Oe  at  9  GHz. 
However,  when  YBCO  substrates  are  used,  the  iron  resonance  properties  are  nearly  the  same  as  in 
the  case  where  no  Ni  was  used.  This  indicates  that  the  effects  seen  in  earlier  work  were  not  the  result 
of  an  oxide  layer  on  the  Fe  but  may  indicate  a  magnetically  active  surface  layer  in  the  YBCO.  Co 
surface  layers  have  the  effect  of  producing  strongly  temperature  dependent  anisotropies  and 
linewidths  on  all  substrates  used,  with  the  strongest  temperature  dependence  near  160  K,  possibly 
caused  by  the  ordering  of  an  antiferromagnetic  surface  layer. 


I.  INTRODUCTION 

In  an  earlier  article1  we  described  some  dramatic  effects 
occuring  in  the  ferromagnetic  resonance  (fair)  of  thin  films 
of  polycrystalline  Fe  deposited  on  the  surface  of  the  high 
temperature  superconductor,  YBa2Cu307  6  (YBCO).  Fe  of 
about  10  nm  thickness  was  chosen  because  under  those  con¬ 
ditions  it  grows  as  a  fine  grained  polycrystalline  film  with  a 
narrow  linewidth.  For  Fe  on  YBCO,  as  the  temperature  was 
reduced  below  300  K,  we  observed  that  the  resonances 
broadened  considerably,  and  shifted  towards  lower  applied 
fields  in  a  manner  that  can  be  characterized  by  an  effective 
anisotropy  field  acting  along  the  applied  field  with  tempera¬ 
ture  dependence  approximately  H,  exp(-TIT0 ),  where  T0  is 
about  70  K,  and  H.  is  on  the  order  of  1  kOe  and  varies 
inversely  with  the  Fe  layer  thickness.  Similar  iron  films 
grown  on  Si  showed  a  much  smaller  temperature  dependence 
of  their  properties.  Evidently,  some  property  of  the  YBCO  or 
of  the  YBCO-Fe  interface  region  is  transferred  via  inter¬ 
atomic  exchange  to  the  bulk  of  the  iron;  by  analogy  with 
microwave  magnetic  resonance  data  observed  in  spin 
glasses,2  we  suggested  that  the  unknown  system  acting  on 
the  Fe  may  be  a  spin  glass.  No  indications  of  a  change  in  the 
superconducting  properties  of  the  YBCO,  or  of  the  Fe  prop¬ 
erties  at  the  superconducting  transition  were  seen,  indicating 
a  lack  of  any  electronic  effects.  The  temperature  dependence 
of  some  properties  of  oxygen  deficient  YBCO  (Ref.  3)  sug¬ 
gested  that  it  might  be  the  magnetic  system  coupling  to  the 
Fe. 

In  this  article  we  report  an  attempt  to  determine  whether 
the  strong  anisotropy  arises  from  the  Fe,  from  the  YBCO,  or 
from  a  mixed  interface  region;  we  investigated  the  effects  of 
placing  very  thin  layers  of  another  magnetic  material  at  the 
interface  between  the  Fe  and  the  YBCO.  About  1  nm  of  Ni  or 
Co  was  deposited  on  both  sides  of  die  Fe;  the  literature  in¬ 
dicates  that  thin  layers  of  Ni  and  Co  at  the  surfaces  of  Fe  are 
ferromagnetic  and  are  strongly  exchange  coupled  to  the  Fe.4 
We  have  also  made  10  and  20  nm  pure  Ni  and  Co  films  to 
help  separate  surface  effects  from  those  occuring  in  the  bulk. 
Because  the  depositions  are  done  at  ambient  temperatures, 


we  expect  negligible  interdiffusion  at  the  interfaces;  how¬ 
ever,  the  layers  cannot  be  expected  to  be  atomically  flat  un¬ 
der  our  growth  conditions.  To  some  degree,  the  width  of  the 
fmr  is  a  probe  of  the  magnetic  layer  roughness,3  indicating 
that  the  YBCO  has  a  rather  rough  surfaces,6  and  that  Si  is 
much  smoother. 

II.  EXPERIMENT 

High  purity  Fe,  Ni,  and  Co  were  electron  beam  evapo¬ 
rated  onto  either  YBCO,  which  was  grown  epitaxially  on 
MgO,  as  described  in  Ref.  1,  or  onto  polished  Si  (100).  The 
deposition  system  uses  independently  controlled  electron 
beams  with  shuttering  to  control  the  species  and  duration  of 
the  layer  being  deposited.  The  substrates  were  unheated  dur¬ 
ing  the  deposition  and  no  attempt  was  made  to  remove  the 
native  oxide  on  the  Si.  Total  pressure  in  the  vacuum  system 
was  about  10'7  Torr  during  deposition;  however,  since  the 
system  was  cryopumped  and  is  “gettered"  by  the  deposition 
of  the  transition  elements  inside  the  chamber,  the  reactive 
gases  are  preferentially  removed.  Rates  of  evaporation  were 
0. 1  nm/s  for  the  thin  layers  of  Co  and  Ni  and  0.2  nm/s  for  the 
Fe.  Rates  were  controlled  and  thicknesses  monitored  using 
quartz  crystal  thickness  gauges.  An  indication  of  the  affinity 
of  the  evaporated  metals  to  reactive  gases  in  the  system  was 
given  by  the  reduction  in  background  pressure  caused  by 
“gettering”  as  each  electron  beam  was  turned  on.  Ni  has 
little  effect  on  tire  pressure,  but  evaporation  of  Fe  and  Co 
reduced  the  system  pressure  by  about  an  order  of  magnitude 
indicating  that  the  free  surfaces  of  these  elements  are  oxi¬ 
dized  rapidly  in  our  system. 

The  fmr  data  were  taken  using  a  standard  x-band  absorp¬ 
tion  spectrometer  operating  at  about  9.2S  GHz;  data  at  low 
temperatures  were  obtained  using  a  He  flow  system  with  a 
nominal  temperature  accuracy  of  0.5  K. 

HI.  RESULTS 

Detailed  results  are  described  below  and  in  Figs.  1  and  2 
for  four  samples: 
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FIG.  1.  Temperature  dependence  of  tbe  9.2  GHz  fmr  position  (O)  and 
linewidth  (□)  for  a  Ni/Fe/Ni  sandwich  on  (a)  Si  and  (b)  YBCO,  described  as 
samples  A  and  B,  respectively,  in  tbe  text. 


(A)  Ni(0.5  nm)/Fe(l.O  nm)/Ni(0.5  nm)  deposited  on  Si, 

(B)  Ni(0.5  nm)/Fe(1.0  nm)/Ni(0.5  nm)  deposited  on  YBCO, 

(C)  Co(1.0  nm)/Fe(1.0  nm)/Co(1.4  nm)  deposited  on  Si, 

(D)  Co(1.0  nm)/Fe(1.0  nm)/Co(1.4  nm)  deposited  on 
YBCO. 

Tbe  linewidths  of  some  of  the  Ni/Fe/Ni  films  we  have 
made  are  as  narrow  as  15  Oe  (derivitive  peak  to  peak)  at 


FIO.  2.  Temperature  dependence  of  the  9.2  GHz  fmr  position  fO>  and 
Unewidth  (O)  for  a  Co/Fe/Co  sandwich  on  (a)  Si  and  (b)  YBCO,  described 
as  samples  C  and  D,  respectively,  in  tbe  text. 


i -band  frequencies,  and  are,  we  believe,  the  narrowest  re¬ 
ported  linewidths  for  any  metallic  ferromagnets  at  that  fre¬ 
quency.  The  narrowest  linewidths  are  seen  in  films  made 
with  elevated  substrate  temperatures,  however,  and  were 
therefore  not  investigated  in  this  study. 

The  temperature  dependences  of  the  resonance  field  and 
of  the  linewidth  of  sample  A  are  shown  in  Fig.  1(a).  The 
temperature  dependence  differs  significantly  from  that  re¬ 
ported  in  Ref.  1  in  which  no  Ni  layers  were  present.  With  the 
surface  layers  of  Ni,  sample  A  has  narrower  linewidths  at  all 
temperatures  and  shifts  only  slightly  for  temperatures  down 
to  100  K;  at  the  lowest  temperatures  the  resonance  shifts 
rapidly  and  broadens.  The  resonance  properties  of  a  sample 
with  identical  transition  metal  layers,  but  evaporated  onto 
YBCO,  sample  B,  are  shown  in  Fig.  1(b).  This  sample  has  a 
broader  linewidth,  and  its  temperature  dependence  is  similar 
to  that  described  in  Ref.  1  for  a  similar  sample  without  the 
Ni. 

We  also  note  that  the  properties  of  our  pure  20  nm  thick 
Ni  film  are  quite  temperature  dependent  from  300  down  to 
about  100  K,  i.e.,  at  temperatures  where  bulk  properties  such 
as  magnetization,  magnetostriction,  and  magnetic  anisotropy 
change.  Thus  the  bulk  effects  seen  in  Ni  are  not  prominent  in 
the  fmr  of  thin  layers  of  Ni  on  Fe,  as  seen  in  Fig  1,  for  this 
temperature  range. 

In  Fig.  2(a)  we  see  the  effects  of  thin  surface  layers  of 
Co,  sample  C,  on  the  resonance  properties.  The  results  are 
very  different  from  those  seen  in  Ref.  1  or  in  samples  A  and 
B  in  that  the  onset  of  broadening  and  downward  shift  occur 
at  about  200  K  and  the  changes  occur  most  rapidly  at  about 
160  K.  Similar  results  were  seen  in  all  samples  containing 
substantial  Co,  including  pure  Co  layers  and  Ni/Co/Ni  sand¬ 
wiches,  except  for  variations  of  about  20  K  in  the  tempera¬ 
ture  at  which  changes  are  most  rapid. 

Finally  we  see  in  Fig.  2(b)  the  results  for  sample  D, 
which  is  the  same  as  C  except  that  YBCO  is  used  as  the 
substrate.  As  before,  the  linewidths  are  broader  for  the 
YBCO  than  the  Si  substrate;  the  downward  shifts  are  larger 
than  those  seen  in  sample  C,  perhaps  indicating  a  combina¬ 
tion  of  the  processes  occuring  in  Ref.  1  for  Fe  on  YBCO,  and 
in  sample  C.  The  onset  of  the  rapid  changes  occurs  at  about 
200  K,  at  which  point  the  mechanism  described  in  Ref.  1 
produces  only  a  slight  shift. 

IV.  DISCUSSION 

The  addition  of  very  thin  layers  of  Ni  or  Co  at  the  sur¬ 
face  of  the  10  nm  Fe  layers  is  seen  to  have  significant  effects 
on  the  low  temperature  fmr  of  the  system,  and  to  modify 
strongly  the  temperature  dependences  noted  in  Ref.  1.  Some 
of  these  effects  appear  to  be  similar  to  the  exchange  anisot¬ 
ropy  phenomena  seen  for  permalloy  films  on  NiO/CoO 
multilayers.7 

Ni  surface  layers  reduce  the  linewidth  and  the  tempera¬ 
ture  dependence  of  tbe  resonance  field  when  the  Fe  is  depos¬ 
ited  on  Si.  However  tbe  strong  temperature  dependences 
noted  in  Ref.  1  for  Fe  on  YBCO  are  not  altered  by  the  inter¬ 
vening  Ni  layer.  Thus,  we  still  consider  it  likely  that  a  spin¬ 
glasslike  state  exists  in  the  surface  of  the  YBCO  which  is 
coupled  by  interatomic  exchange  to  the  Ni  and  Fe  overlay- 
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era.  We  attribute  the  difference  in  linewufeh  for  the  two  sub¬ 
strates  as  being  caused  by  their  different  toughness,  rather 
than  any  electronic  effects. 

Ni  may  reduce  the  Fe  linewidth  by  protecting  the  Fe 
from  surface  oxidation,  which  is  known  to  have  significant 
effects  on  the  fmr  at  low  temperatures.  Patton  and  Wilts8 
found,  at  least  for  permalloy,  that  oxidation  increased  line- 
width,  with  greater  effects  at  low  temperatures  (the  effect  on 
the  resonant  field  was  not  reported). 

When  the  Ni  layers  are  present  the  effects  at  the  lowest 
temperatures  may  be  caused  by  the  presence  of  NiO.  A  re¬ 
cent  study7  of  2.1  nm  NiO  layers  showed  that  the  Neel  tem¬ 
perature  was  reduced  by  about  70  K  from  the  bulk  value  of 
520  K.  A  greater  reduction  in  our  case  is  plausible  because 
NiO  layers  in  our  sample  would  be  even  thinner. 

The  presence  of  spin-glass-like  effects  even  when  Ni 
layers  are  interposed  between  the  Fe  and  the  YBCO  sub¬ 
strates  suggests  that  these  effects  do  not  arise  from  some 
interaction  of  Fe  and  one  or  more  constituents  of  the  surface 
of  the  YBCO.  The  literature  suggests  that  thin  Ni  layers  on 
Fe  have  essentially  their  full  moment  and  are  strongly 
coupled  to  adjacent  Fe,4'9  so  that  information  about  the  mag¬ 
netic  state  of  a  YBCO  surface  layer  could  be  communicated 
through  the  Ni  to  the  Fe. 

For  the  case  of  Co  layers  on  Fe,  it  is  unlikely  that  the 
temperature  dependence  of  any  of  the  parameters  of  bulk  Co 
which  affect  the  position,  such  as  magnetization,  magneto¬ 
striction,  and  magnetocrystalline  anisotropy,  could  produce 
effects  such  as  we  observe,  since  these  properties  all  vary 
slowly  with  temperature  below  about  200  K. 10  We  do  ob¬ 
serve  that  Co  has  a  strong  affinity  for  reactive  gases  in  our 
system;  bulk  CoO  is  antiferromagnetic,  ordering  near  room 
temperature.  Strong  pinning  at  below  room  temperature  in  20 
nm  cobalt  particles  with  oxidized  surfaces  has  been 
reported."  While  the  nominal  ordering  temperature  of  bulk 
CoO  is  293  K,  the  ordering  may  occur  at  lower  temperatures 
than  reported  for  the  bulk  oxide,  as  is  the  case  for  NiO.12 
Both  bulk  Co  and  Ni  metals  do  show  strong  increases  in 
linewidth  below  100  K  which  have  been  attributed10  to  in¬ 
trinsic  effects  but  could  also  be  caused  by  temperature  de¬ 
pendent  properties  of  thin  surface  oxide  layers. 


We  related  the  effects  of  pinning  at  the  Fe  surface  to  the 
surface  energy  using  the  calculation  of  Bailey  and  Vittorio.13 
The  presence  of  shifts  to  negative  fields  suggests  a  modifi¬ 
cation  allowing  the  form  of  the  surface  energy  to  be  uniaxial 
with  the  axis  along  the  applied  field  direction;  the  planar 
form  given  in  Ref.  13  does  not  allow  the  resonance  field  to 
approach  zero  in  a  continuous  manner.  To  explain  the  large 
shifts  seen  in  Fe  on  YBCO  or  Co  or  Ni  on  Fe  at  the  lowest 
temperatures,  the  magnitude  of  the  surface  energy  is  found  to 
be  about  0.5  erg/cm2  or  about  108  erg/atomic  layer,  suggest¬ 
ing  surface  fields  of  about  10s  Oe.  This  is  of  the  order  of 
magnitude  of  the  anisotropy  fields  in  antiferromagnetic  Co 
oxide. 

V.  CONCLUSIONS 

Based  on  fmr,  we  observe  several  kinds  of  surface  phe¬ 
nomena  caused  by  the  substrates,  by  surface  layers  which  we 
deposit  on  the  Fe,  and  by  oxide  layers.  We  observe  that  a 
previously  suspected  spin-glasslike  layer  occuring  at  the  in¬ 
terface  of  Fe  and  YBCO  thin  films  is  not  affected  when  a  few 
monolayers  of  Ni  are  interposed;  and  infer  that  an  oxide 
layer  on  thin  Co  layers  becomes  magnetically  ordered  at 
about  160  K,  with  the  ordered  phase  possessing  very  large 
anisotropy  which  is  felt  by  the  Fe. 
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Magn«to-optlcal  Kerr  effect  study  of  sc  suscepttbtlttlee  in  ultrathin 
cobalt  films 
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Institut  fur  Gnnzfcchenforschung  und  Vokuumphysik,  Forschungszaurum  Julich,  Postfach  1913, 

D-52423  Julich,  Germany 

The  a c  susceptibility  of  ultrathin  Co/CuilOO)  films  has  been  investigated  in  situ  under  ultrahigh 
vacuum  conditions  using  the  magneto-optical  Kerr  effect.  A  conventional  Kerr  effect  setup  was 
combined  with  an  ac-field  modulation  technique  to  improve  the  experimental  detection  limit.  A 
sensitivity  in  the  range  of  10'8  rad  for  the  Kerr  ellipticity  has  been  achieved  in  the  present  study. 
The  ac  susceptibility  Xk  of  the  investigated  cobalt  films  is  mainly  characterized  by  a  pronounced 
and  sharp  maximum  as  a  function  of  the  temperature  T  This  x^fT)  dependency  corresponds  to  the 
ferromagnetic-paramagnetic  phase  transition  occurring  at  the  Curie  temperature  T,  of  the  cobalt 
films,  which  is  also  confirmed  by  experimental  observation  of  the  hysteresis  behavior.  Besides  the 
measurement  of  Curie  temperatures,  the  experimental  technique  presented  here  allows 
the  determination  of  magnetic  properties  for  ultra  thin  films  even  in  the  paramagnetic  regime  far 
above  Tc . 


I.  INTRODUCTION 

In  recent  years,  the  magneto-optical  Kerr  effect  has  been 
proven  to  be  a  powerful  tool  for  studying  ferromagnetic 
properties  of  ultra  thin  films  in  situ  under  ultrahigh  vacuum 
(UHV)  conditions  1  Many  studies  have  demonstrated  that 
even  the  critical  behavior  of  ferromagnetic  films  in  the 
monolayer  thickness  range  can  be  investigated  by  using  this 
technique.2-4  Despite  its  successful  application  to  various 
problems  in  the  field  of  thin  film  magnetism,  all  these  studies 
have  been  based  on  the  observation  of  Af(W)-hysteresis 
loops  only.  For  the  investigation  of  the  critical  behavior  and 
the  determination  of  Curie  temperatures,  however,  this  tech¬ 
nique  has  the  disadvantage  that  a  vanishing  quantity,  i.e.,  the 
remanent  magnetization,  is  measured  as  a  function  of  tem¬ 
perature. 

Just  the  opposite  is  true  for  the  ac  susceptibility  Xk  of 
ferromagnets.  The  susceptibility  >s  characterized  by  a 
sharp  and  pronounced  maximum  at  the  Curie  temperature.5 
Moreover,  Xtc  follows  a  certain  power  law  in  the  paramag¬ 
netic  temperature  range,  which  provides  additional  informa¬ 
tion  about  the  critical  behavior  of  the  ferromagnetic  system.6 
Therefore,  it  is  very  promising  to  have  an  experimental  tool 
which  is  able  to  measure  the  susceptibility  xK  °f  ultrathin 
ferromagnetic  films.  Recently,  conventional  ac-susceptibility 
measurements  for  ultrathin  gadolinium  films  have  been 
reported.7 

In  this  study,  we  have  experimentally  determined  the  ac 
susceptibility  of  cobalt  monolayer  films  by  means  of  the 
magneto-optical  Kerr  effect. 

II.  EXPERIMENT 

The  magnetic  properties  as  well  as  the  growth  behavior 
of  ultrathin  cobalt  films  grown  on  Cu(100)  have  been  exten¬ 
sively  studied  in  the  past.8  It  has  been  demonstrated,  that  this 
system  exhibits  layer-by-layer  growth  for  substrate  tempera¬ 
tures  between  300  and  450  K,  although  double  layer  growth 
is  present  to  a  certain  extent  below  film  thicknesses  of  2 
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monolayers.8-10  Cobalt  films  grown  under  these  conditions 
show  ferromagnetic  order  at  room  temperature  already  for 
thicknesses  below  2  monolayers.811  The  <110)  directions  in 
the  film  plane  have  been  determined  as  the  easy  axes  of 
magnetization.1112  In  the  present  study,  cobalt  films  were 
grown  under  UHV  conditions  (p< 2X10  10  mbar  during 
evaporation)  by  means  of  an  e-beam  evaporator  onto  a 
Cu(100)  single  crystal  with  typical  deposition  rates  of  0.5 
ML/min.  The  Cu  crystal  was  previously  cleaned  by  ion  etch¬ 
ing  (Argon,  £km=K00  eV)  and  annealing  (T=900  K).  The 
substrate  temperature  during  evaporation  was  held  at  T= 330 
K.  After  deposition,  no  contamination  like  carbon  or  oxygen 
was  detectable  via  Auger  spectroscopy. 

The  magnetic  properties  of  the  films  were  investigated 
by  means  of  the  longitudinal  Kerr  effect  in  situ  under  UHV 
conditions.  The  experimental  setup  is  similar  to  the  one  used 
by  Bader  et  of1  and  is  schematically  shown  in  Fig.  1.  With  a 
polarizer  (PI)  HeNe-laser  light  is  polarized  perpendicular  to 
the  scattering  plane.  In  the  reflected  light  beam  the  polariza¬ 
tion  is  slightly  changed  due  to  the  magneto-optical  Kerr  ef¬ 
fect,  caused  by  the  long  range  ferromagnetic  order  of  the 
sample.13  Using  a  quarter  wave  plate  and  a  second  polarizer 
( P2 )  with  its  orientation  nearly  perpendicular  to  PI,  this 
polarization  change  in  the  reflected  light  beam  can  easily  be 
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FIG.  1.  Schematic  of  the  experimental  Kerr  effect  setup. 
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observed  as  a  change  in  light  intensity  with  a  photodiode.  In 
the  conventional  mode  the  light  intensity  is  measured  as  a 
function  of  the  externally  applied  magnetic  field  strength 
produced  by  a  Helmholtz  coil  arrangement  inside  the  UHV. 
This  technique  is  used  to  monitor  the  M(H)  dependency  of 
the  sample.  For  measurements  of  the  ac  susceptibility  *«.,  a 
small  ac  current  of  fixed  frequency  and  amplitude  is  applied 
to  the  Helmholtz  coils  producing  a  small  ac-magnetic  field. 
The  response  of  the  magnetic  film  to  this  ac  field  is  measured 
via  the  longitudinal  Kerr  effect  as  an  ac  voltage  at  the  pho¬ 
todiode.  Using  a  lock-in  technique,  the  signal-to-noise  ratio 
for  this  ac  voltage  is  strongly  improved  and  a  much  higher 
sensitivity  for  the  susceptibility  is  achieved.  Details  of  the 
experimental  setup  are  described  elsewhere.14 

Utilizing  the  magneto-optical  Kerr  effect  for  susceptibil¬ 
ity  measurements,  one  has  to  keep  in  mind  what  quantity  is 
actually  measured.  The  phase  sensitive  signal  we  obtain  in 
our  experiment  is  proportional  to  the  difference  of  the  Kerr 
ellipticity  e  at  of  the  ac  field,  i.e.,  a  quantity  propor¬ 

tional  to  the  slope  of  «(//).  Assuming  a  constant  magneto¬ 
optical  coupling  factor  Q  for  the  films  investigated,  this  «(ff) 
dependency  is  proportional  to  M(H).  Therefore,  despite  a 
constant  factor,  we  probe  the  susceptibility  x*c  in  °ur 
experiment.14 

III.  EXPERIMENTAL  RESULTS 

Figure  2  shows  an  example  for  the  field  dependency  of 
the  Kerr  ellipticity,  representing  the  M(H)  behavior  of  a  2.2 
±0.2  monolayer  thick  Co/Cu(  100)  film,  which  was  measured 
with  the  conventional  Kerr  effect  setup  for  four  different 
temperatures.  Figure  2(a),  measured  at  T =328  K,  shows  the 
typical  hysteresis  effect  that  one  expects  for  a  ferromagnetic 
film.  The  nearly  rectangular  shape  of  the  hysteresis  loop  sug¬ 
gests,  that  the  film  magnetization  switches  between  two 
single  domain  states,  at  least  within  the  area  of  the  light  spot 
(1  mm  diameter).  The  Kerr  ellipticity,  i.e.,  the  magnetization, 
does  not  depend  on  the  field  strength  except  for  the  very 
small  region  around  the  switching  fields.  This  behavior  is 
typical  for  temperatures  far  below  the  Curie  temperature.  In 
Fig.  2(b)  ( T =383  K)  it  is  clearly  observable  that  the  rema¬ 
nent  magnetization  is  already  reduced  compared  to  Fig.  2(a), 
although  a  hysteresis  loop  is  still  present.  This  demonstrates, 
that  the  temperature  T =383  K  is  still  below  the  Curie  tem¬ 
perature  of  the  film.  It  is  also  obvious  from  Fig.  2(b),  that 
there  is  now  a  field  dependence  of  the  magnetization  even 
apart  from  the  immediate  vicinity  of  the  switching  fields.  The 
experimental  data  shown  in  Fig.  2(c)  are  obtained  with  the 
sample  at  T =509  K.  Remanence  cannot  be  observed  any¬ 
more,  i.e.,  the  Kerr  ellipticity  is  represented  by  a  single  line 
as  a  function  of  the  magnetic  field  strength  H.  Despite  of  the 
absent  remanent  magnetization,  i.e.,  long  range  ferromag¬ 
netic  order,  a  steep  increase  of  the  Kerr  ellipticity  with  the 
field  strength  at  H =0  is  found.  This  behavior  corresponds  to 
a  large  susceptibility  value  at  zero  field,  which  means  that 
the  temperature  is  slightly  above  Tc .  The  strong  nonlinear 
field  dependency  seen  in  Fig.  2(c)  confirms  the  immediate 
vicinity  of  Tc .  Figure  2(d)  shows  results  for  an  even  higher 
temperature  (7’=563  K).  As  the  susceptibility  drops  off  very 
strongly  with  increasing  temperature  in  the  paramagnetic 
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FIG.  2.  Measured  Ken  ellipticity  as  a  function  of  the  applied  field  strength 
H  (conventional  Ken  effect  measurement)  for  a  2.2  monolayer  CoiCul  100) 
film.  Temperatures  as  indicated. 


state,  the  field  necessary  to  obtain  the  same  magnetization 
value  as  in  Fig.  2(c)  is  considerably  higher.  Thus,  it  is  obvi¬ 
ous  from  Fig.  2(d)  that  this  kind  of  magneto-optical  Kerr 
effect  experiment  enables  us  to  study  the  paramagnetic  be¬ 
havior  of  ultrathin  films  but  is  limited  to  the  vicinity  of  the 
critical  temperature,  at  least  with  reasonable  field  strength. 
With  an  increase  of  sensitivity,  however,  the  range  accessible 
for  studies  in  the  paramagnetic  state  can  be  extended  to  tem¬ 
peratures  far  above  Tc . 

Figure  3  shows  experimental  data  that  have  been  mea¬ 
sured  with  the  ac-field  modulation  technique.  Here,  the  mea¬ 
sured  Kerr  ellipticity  amplitude  is  shown  as  a  function  of  the 
sample  temperature  for  the  same  film  as  in  Fig.  2.  The  two 
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FIG.  3.  Measured  Kerr  eliipticity  response  [in  /irad]  to  an  applied  ac  field  as 
a  function  of  temperature  (ac- modulation  technique).  Experimental  data 
were  taken  for  a  2.2  monolayer  Co/Cu<100)  film  with  modulation  field 
strengths  as  indicated.  The  measured  quantity  corresponds  to  the  ac 
susceptibility  of  the  film. 


curves  presented  in  Fig.  3  differ  only  by  the  field  strength 
which  is  applied  to  the  sample.  Both  curves  are  mainly 
characterized  by  a  pronounced  maximum  of  the  Kerr  ellip- 
ticity  as  a  function  of  temperature,  which  corresponds  lo  the 
maximum  of  the  ac  susceptibility  at  the  Curie  temperaijre. 
This  maximum  evidently  represents  the  ferromagnetic- 
paramagnetic  phase  transition  of  the  cobalt  film  and  demon¬ 
strates  the  feasibility  for  an  exact  determination  of  Tc  by  this 
technique.  The  varying  value  of  the  Kerr  eliipticity  for  the 
two  different  curves  in  Fig.  3  is  due  to  the  different  modula¬ 
tion  amplitudes  used.  The  different  shape  of  the  curves,  es¬ 
pecially  the  broadening  in  the  ferromagnetic  regime  in  Fig. 
3(b)  is  also  caused  by  the  increased  ac-field  strength.  This 
can  easily  be  understood  by  considering  the  temperature  de¬ 
pendence  of  the  coercivity  which  is  characterized  by  a  strong 
increase  of  the  coercive  field  with  decreasing  temperature. 
As  long  as  the  modulation  field  strength  HK  is  larger  than  the 
coercive  field  Hc ,  the  magnetic  field  is  able  to  reverse  the 
sample  magnetization  resulting  in  a  large  value  for  the  Kerr 
eliipticity.  Therefore,  an  increased  field  strength  corre¬ 
sponds  to  a  larger  temperature  range  in  which  HC<HK  and 
results  in  a  broadening  of  the  xK(r)  peak  as  seen  in  Fig.  3. 
But  also  with  the  smaller  field  strength  [Fig.  3(a)],  the  Xw£T) 
peak  has  a  finite  width  which  might  be  attributed  to  thickness 
variations  in  the  cobalt  film.  In  ultrathin  films,  the  Curie 
temperature  increases  with  increasing  film  thickness.15  Thus, 
the  roughness  present  in  monolayer  films  results  in  a  distri¬ 
bution  of  Curie  temperatures.  This  explains  that  for  ultrathin 
films  one  has  to  expect  a  finite  width  of  the  ^(T)  maximum 
even  if  a  very  small  ac-field  strength  is  applied.  Taking  the 


strong  thirkngss  dependence  of  Tc  for  Co/Cu(100)  films  into 
account,8  one  might  take  the  small  peak  width  of  Fig.  3(a)  as 
an  indication  far  high  film  quality  regarding  its  thickness 
homogeneity. 

Figure  3(a)  demonstrates  that  the  field  modulation  tech¬ 
nique  is  able  to  reach  an  extremely  high  sensitivity  for  Kerr 
eliipticity  or  rotation  with  an  detection  limit  in  the  range  of 
10'8  rad  in  this  study.  This  high  sensitivity  makes  it  possible 
to  extend  the  temperature  range  which  is  accessible  foe  Kerr 
effect  investigations  on  monolayer  films  far  into  the  para¬ 
magnetic  regime.  As  the  slope  of  the  M(H)  curves  around 
zero  field  decreases  [see  Fig.  2(d)]  with  increasing  tempera¬ 
ture  (T>TC)  the  modulation  amplitude  might  be  increased. 
Hence,  paramagnetic  properties  are  detectable  far  beyond  the 
Curie  temperature,  e.g.,  100  K  above  Tc  in  Fig.  3(b).  In  other 
words,  the  data  presented  in  Fig.  3(b)  reflect  the  paramag¬ 
netic  film  behavior  for  the  highest  temperatures  very  well 
while  the  modulation  amplitude  is  too  large  to  observe  the 
susceptibility'  around  Tc  correctly.  It  should  be  mentioned 
that  Fig.  3(b)  does  not  represent  tbe  limit  of  the  accessible 
temperature  range  concerning  the  sensitivity  of  the  suscepti¬ 
bility  measurement.  Tbe  temperatures  have  not  been  raised 
further  because  of  severe  problems  of  Co-Cu  intermixing.8 

IV.  CONCLUSIONS 

In  this  article,  we  have  demonstrated  that  the  ac  suscep¬ 
tibility  X*  of  ultrathin  films  can  be  determined  by  means  of 
the  longitudinal  magneto-optical  Kerr  effect  The  extremely 
high  sensitivity  of  the  modulation  technique  used  in  our  ex¬ 
perimental  approach  enables  us  to  measure  x ac  of  a  22 
monolayer  Cd/Cu(100)  film  for  temperatures  even  far  above 
the  Curie  temperature.  Therefore,  this  technique  is  most 
promising  to  detect  magnetic  ordering  in  overlayers  on  non¬ 
magnetic  materials,  which  might  have  very  low  Curie  tem¬ 
peratures  and  have  been  proposed  recently."’ 
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A  series  of  epitaxial  [C024  xMn,MJI2  superlattices  (3.2  A«rMn!s32  A)  was  grown  on  hcp(0001)  Ru 
buffer  layers  by  ultrahigh  vacuum  e-beam  evaporation.  Ferromagnetic  resonance  has  shown  that  for 
samples  with  3.2  Asr^sn  A,  the  cobalt  layers  are  predominantly  fee  and  almost  perfectly  fee  for 
the  sample  having  the  thinnest  Mn  thickness  [Co*  VMn3 2  aJii  -  F°r  samples  with  greater  Mn 
thickness  (rMn>  12  A),  the  cobalt  layers  are  predominantly  hep  with  structural  defects  corresponding 
either  to  large  inclusions  of  fee  Co  or  stacking  faults. 


The  growth  of  epitaxial  thin  films  of  ferromagnetic  ma¬ 
terials  on  single-crystalline  substrates  under  ultrahigh 
vacuum  conditions  offers  the  possibility  of  producing  mate¬ 
rials  that  do  not  exist  in  nature.  Indeed,  if  coherent  growth  on 
a  substrate  is  achieved,  the  in-plane  lattice  parameter  of  the 
epitaxial  phase  is  constrained  which  may  lead  to  the  stabili¬ 
zation  of  new  structures.  Such  a  new  phase  may  be  a  forced 
stable  structure,  supported  by  interfacial  interactions  that  fa¬ 
vor  registry  with  the  substrate.  There  is  then  a  critical  thick¬ 
ness  beyond  which  this  forced  structure  should  relax  This 
point  is  reached  when  the  bulk  strain  energetic  cost  of  main¬ 
taining  the  forced  structure  overcomes  the  interfacial  energy. 
Moreover,  the  epitaxial  phase  may  be  metastable,  corre¬ 
sponding  to  a  local  minimum  of  the  free  energy. 

In  order  to  understand  the  above  mentioned  mechanisms, 
we  studied  the  growth  of  single-crystalline  epitaxial  Co/Mn 
superlattices  on  a  (0001)  Ru  buffer  layer. 

Reflection  high  energy  electron  diffraction  (RHEED) 
and  x-ray  analysis1  on  a  series  of  [C024  VMnrM„]i2  superlat¬ 
tices  (3.2  A«rMD«32  A),  have  shown  that  a  phase  change 
occurs  within  both  Mn  and  Co  sublayers  at  a  critical  Mn 
thickness  of  12  A.  Up  to  six  Mn  monolayers,  the  Mn  layers 
are  highly  strained.  Co  and  Mn  are  stabilized  in  nonequilib¬ 
rium  pseudomorphic  fee  lattices.  As  the  thickness  of  the  Mn 
layers  is  increased,  there  is  a  trade-off  between  strain  relax¬ 
ation  in  the  Mn  and  a  larger  density  of  epitaxial  dislocations, 
which  reduces  the  coherence  between  the  Mn  and  Co  layers. 
Eventually,  for  a  Mn  layer  thickness  of  6  ML  (monolayer), 
the  dislocation  density  at  the  interfaces  is  maximum  with 
very  little  strain  in  either  layer.  Consequently,  the  cobalt  re¬ 
verts  to  its  normal  bulk  hep  structure.  In  parallel,  the  man¬ 
ganese  also  tends  to  approach  its  Mn-a  stable  bulk  structure 
by  adopting  the  MgCu2-type  lattice.1,2 

The  aim  of  this  contribution  is  to  use  ferromagnetic  reso¬ 
nance  (FMR)  experiments  to  distinguish  fee  and  hep  compo¬ 
nents  in  the  crystalline  structure  of  the  cobalt  layers  and  to 
obtain  a  quantitative  measure  of  their  associated  structural 
defects  in  the  [Co24  x/Mn,MJl2  series. 

Epitaxial  Co/Mn  superlattices  with  fixed  Co  layers 
(rQ,=24  A)  and  Mn  layer  thicknesses  ranging  from  3.2  auJ 
32  A  have  been  grown  on  mica  substrates  by  e-beam  evapo¬ 
ration.  The  high  crystalline  quality  of  these  samples  depos¬ 
ited  on  a  150  A  thick  (0001)  hep  Ru  buffer  layer  has  been 
verified  by  RHEED  and  x-ray  diffraction  analysis  as  de¬ 
scribed  in  detail  elsewhere.1  For  complementary  information 
on  the  magnetic  anisotropies,  we  also  prepared  Co/Mn/Co 


trilayers  with,  respectively,  4,  10,  and  16  A  fixed  Mn  thick¬ 
ness  and  cobalt  layer  thicknesses  ranging  from  5  to  40  A 
under  the  same  growth  conditions  the  superlattices. 

Fenomagnetic  resonance  (FMR)  is  a  well  established 
method  for  a  quantitative  determination  of  magnetic 
anisotropies  and  inhomogeneities  in  magnetic 
superlattices.3'4  As  hep  and  fee  cobalt  bulk  structures  display 
very  different  magnetocrystalline  (MC)  anisotropies,  FMR 
turns  out  to  be  particularly  useful  to  quantify  the  crystallo¬ 
graphic  structure  within  the  cobalt  layers  (fee,  hep,  or  in 
between)  and  the  density  of  stacking  faults. 

FMR  was  measured  at  room  temperature  (RT)  and  at  9.8 
GHz  in  a  TEg,,  cavity  that  allowed  to  vary  the  angle  of 
the  applied  field  with  respect  to  the  film  normal.  The  FMR 
data  were  analyzed  using  the  standard  theory  which  involves 
solving  the  Landau-Lifshitz  equation  of  motion  for  the  mag¬ 
netization  M.3'4  The  in-plane  magnetization  curves  at  RT  of 
the  all  Co/Mn  samples  are  fully  saturated  for  a  field  of  about 
100  Oe  which  indicates  that  adjacent  cobalt  layers  are  not 
antiparallel  coupled.  In  this  case,  the  calculation  of  the  FMR 
dispersion  relation  for  this  system  can  be  simplified  by  the 
the  standard  single  layer  model.3,4 

The  energy  density  due  to  the  effective  anisotropy  is 
given  by 

EK=Ke ffXcos2  0,  KcB=2irM2  +  KMC+2X-- ,  (1) 

(Co 

where  0  is  the  angle  between  M  and  the  surface  normal, 
2irM2  corresponds  to  the  demagnetizing  energy  density, 
Kmc  t0  thc  magnetocrystalline  anisotropy  which  reflects  the 
symmetry  of  the  crystal,  and  2  x(Kj/tCo)  to  the  anisotropy 
arising  from  the  two  interfaces  for  each  Co  layers.  Here,  we 
have  neglected  (i)  the  magnetoelastic  anisotropy  which  is 
small,  since  the  cobalt  layers  are  fully  relaxed  as  deduced 
from  RHEED  and  x-ray  results,1  (ii)  the  small  six-order  in¬ 
plane  anisotropy  present  in  these  samples. 

The  standard  equilibrium  and  FMR  conditions  for  the 
magnetization  give  a  direct  determination  of  the  effective 
anisotropy  field  HcB=2x(KeB/M,). 

We  have  determined  K  MC  of  the  cobalt  layers  for  each  of 
the  [Co*  x/Mn,  ]12  samples  by  deducing  independently: 

(a)  The  demagnetizing  anisotropy  term  Kikt^=2irM  , 
from  direct  magnetization  measurements.  The  same  satura¬ 
tion  magnetization  (about  16  kOe)  is  found  for  all  samples  of 
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FIG.  1.  Dependence  of  the  measured  effective  anisotropy  per  surface  unit  of 
Co,  KaXiCa=(Kuc+KAm)XtCo+2xK,  on  the  CO  thickness  .'q.  for  the 
three  sets  of  trilayers:  f Co^Miu  open  squares;  [Co,^Mn,0  open 
triangles;  fColcoMnlb  open  circles.  has  been  determined  from  the 
value  of  Hctt  and  M,  measured,  by  FMR  and  AGFM  experiments,  respec¬ 
tively.  We  note  a  slight  decrease  of  the  measured  magnetization  as  the  Co 
layer  decreases  from  1350  emu/cm3  for  r(il  -  32  A  to  1200  emtVcm3  for 
rCo  --8  A  which  indicates  a  reduced  diffusion  at  the  interfaces. 


the  [C024  yMn,MJn  series  with  a  slight  dispersion  of  about 
5%  within  the  experimental  error  bars. 

(b)  The  interfacial  magnetic  anisotropy  from  FMR  mea¬ 
surements  on  three  [Co,  /Mn,  ]2  series  with  constant  Mn 
layer  thicknesses  (rMll=4,  10,  16  A)  and  varying  Co  layer 
thicknesses.  According  to  Eq.  (1),  K^Xt^  is  a  linear  func¬ 
tion  of  to,,  and  (fcMc+^dupe)  is  obtained  from  the  slope  and 
2 XK,  from  the  intercept  with  the  y  axis.  Several  studies  on 
Co/Pd  (Ref.  5),  Co/Ni  (Ref.  6),  have  been  reported  in  the 
literature  to  determine  the  value  of  the  interfacial  anisotropy 
and  its  origin  using  the  same  method.  Figure  1  shows  the 
experimental  results,  A'cffXfto  versus  /q,,  for  the  three  sets 
of  trilayers. 

(i)  For  Co  layers  thicker  than  10  A,  the  K^xt^  values 
are  negative  and  follow  the  expected  linear  function. 
AMcx  '1  o+2X/Cj  is  smaller  than  the  shape  anisotropy  term 
and  the  easy  axis  remains  in  the  film  plane.  The  slope 
(KMc+^sh«pe)  becomes  more  positive  with  increasing  Mn 
thickness.  This  corresponds  to  an  increase  of  AMC  only,  since 
Kj^-2-rrM2  is  constant.  This  indicates  a  change  of  the 
crystalline  structure  of  the  cobalt  layers  for  different  Mn 
thicknesses.  On  the  other  hand,  the  extrapolation  of  Ks  from 
the  intercept  with  the  y  axis  of  the  linear  fits  is  valid  only  for 
fco>10  A,  for  which  the  cobalt  layers  are  fully  relaxed  as 
shown  by  x  ray  and  RHEED  experiments.1  This  gives  an 
interfacial  anisotropy  2xK,=l  erg/cm1,  which  does  not 
show  a  significant  change  for  the  three  series  of  samples. 
This  result  suggests  that  the  mechanism  responsible  for  the 
interfacial  anisotropy  is  due  to  Neel-type  interactions.  In¬ 
deed,  for  a  free  fill  )/oc  or  (0001)^  surface,  the  nearest 
neighbor  atom  distribution  is  exactly  the  same  for  a  fee  or 
hep  structure  with  a  c/a  ratio  equal  to  v8/3  =  1.63.  In  our 
sample,  the  c/a  ratio  for  the  hep  Co  layer  is  very  close  to  this 
value,  c/a  =  1.622,  which  results  in  a  very  close  distribution 
of  the  nearest  neighbors  for  the  (lll)fcc  and  (0001)^  Co 
surface.  If  we  consider  that  the  interfacial  anisotropy  is  de¬ 


scribed  by  pseudodipolar  interactions  between  magnetic  mo¬ 
ments  of  all  pairs  of  atoms  and  limited  to  the  nearest  neigh¬ 
bors  as  in  the  Neel  model,  we  should  not  expect  any  change 
in  the  value  of  K,  even  if  the  stacking  within  the  Co  layers 
changed  from  fee  to  hep  in  our  samples.  Consequently,  we 
conclude  that  the  interfacial  anisotropy  2XK,= 1  erg/cm2 
should  remain  constant  for  ail  samples  of  the 
[C°24  A/Mn,to]u  series. 

(ii)  Below  a  cobalt  thickness  of  10  A,  K^xt^  deviates 
clearly  from  the  linear  fits  shown  in  Fig.  1.  One  finds  a  small 
and  positive  value  of  which  results  in  a  perpendicular 
easy  axis  of  the  magnetization.  A  possible  explanation  for 
such  a  kink  in  K^Xt^,  versus  is  related  to  the  presence 
of  misfit  strains  within  the  cobalt  layers.  As  shown  from 
RHEED  and  x-ray  experiments,1  the  cobalt  layers  becomes 
highly  strained  for  such  thin  thicknesses  with  an  exponential 
decrease  of  their  elastic  strains  when  the  Co  layers  increase 
from  0  to  10  A.  This  gives  an  apparent  interface 
contribution — the  magnetoelastic  interface  anisotropy — that 
is  certainly  negative  and  which  contributes  to  the  decrease  of 
the  effective  anisotropy,  Atf). 

Figure  2(a)  is  a  plot  of  the  magnetocrystalline  anisotropy 
field  Huc=2X(Kmc/Ms)  versus  (Mn  for  the 
[Co*  VMn,Mn j , 2  series.  The  strong  variation  of  HMC  with 
the  Mn  thickness  can  be  interpreted  in  the  following  way. 

If  our  samples  had  ideal  hep  and  fee  structures,  the  mag¬ 
netocrystalline  anisotropy  field  should  be  //^?  ==6.7  kOe  and 
Hmc=«0.35  kOe,  respectively,  as  calculated  from  Co  bulk 
anisotropy  constants7  including  4  nM ,  =  16  kOe.  First,  for 
the  [Co2<  i/Mn3  2  a]i2  superlattice,  we  measure  Huc  (0.5 
kOe)  close  to  H^c  .  This  confirms  the  presence  of  the  almost 
perfect  Co  fee  structure  of  the  cobalt  layers  observed  by  x 
rays.1  Then,  for  samples  with  intermediate  Mn  thicknesses, 
3.2  A</Mn<12  A,  the  anisotropy  field  reaches  a  plateau  with 
//Mc=1.6±0.3  kOe  which  is  closer  to  HfSc  than  to  H\ Jf. 
This  result  suggests  that  in  this  Mn  thickness  range,  the 
structure  of  the  cobalt  layers  is  predominantly  fee  with  no 
indication  of  an  increasing  hep  Co  component.  Finally,  for 
samples  with  rM„>12  A,  the  magnetocrystalline  anisotropy 
field  increases  with  a  large  spread  of  values.  This  indicates 
that  the  Co  layers  have  a  predominant  hep  structure,  but  with 
some  inclusions  of  the  fee  Co  phase. 

In  order  to  determine  the  structural  quality  of  the 
samples  in  terms  of  the  perfection  of  the  fee  or  hep  phase,  we 
studied  the  FMR  linewidth,  AH,  of  the  absorption  peaks  in 
both  perpendicular  (QH=90°)  and  parallel  (8H=0°)  orienta¬ 
tions  of  the  external  applied  field  with  respect  to  the  film 
plane.  AH  most  likely  originates  from  only  two  sources  be¬ 
sides  the  intrinsic  damping  mechanism.  The  first  contribution 
is  the  distribution  of  the  orientation  of  the  c  axis  for  different 
crystallites.  The  other  one  is  the  internal  effective  field  inho¬ 
mogeneity  which  arises  from  the  presence  of  both  fee 
and  hep  phases  within  the  cobalt  layers.  The  resonance 
linewidth  (AH±  and  AHt  for  e»  equal  to,  respectively,  0° 
and  90°)  is  plotted  in  Fig.  2(b)  as  a  function  of  rMn  for 
the  [C024  i/Mn,Mi]12  superlattices.  The  results  are 
complementary  to  the  previous  observations:  (i)  for  the 
[C024  3/Mn52  tJ!2  sample,  the  small  values  of  AHy  (48  Oe) 
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FIG.  2.  (a)  Magnetocrystalline  anisotropy  field  as  a  function  of  the  Mn 
thickness  for  the  [Co^  AMn(jjfc]12  series.  has  been  determined  from  the 
effective  anisotropy  field  measured  by  FMR.  Linewidths  of  the  reso¬ 
nance  field  A H  in  perpendicular  (full  square)  and  parallel  (empty  square) 
orientations  of  the  external  field,  as  a  function  of  the  Mn  thickness  for  the 
[Co*  aMb,Ji2  scries. 


and  AH  L  (38  Oe)  show  that  there  are  only  a  very  small 
number  of  defects.  In  fact,  this  sample  compares  favorably 
with  the  narrowest  lines  observed  in  ultrathin  films  and 
superlattices.8  This  result  is  compelling  evidence  that  this 
sample  possesses  an  excellent  structure.  Moreover,  the  pos¬ 
sible  spread  of  the  internal  fields  due  to  the  presence  of  hep 
grains  is  very  small  and  confirms  the  high  purity  of  the  fee 
phase.  RHEED  and  x-ray  results1  also  confirmed  the  high 
crystalline  quality  of  the  whole  set  of  the  [Co24  A/Mn,Ma]12 
samples  with  an  angular  distribution  of  the  c  axis  of  only 
1.5°.  Since  the  latter  is  found  for  all  samples,  we  conclude 
that  AH  is  not  broadened  by  this  effect  to  the  extent  reported 
below,  (ii)  For  thicker  Mn  layers,  (rMn>6  A),  the  resonance 
linewidth  and  also  the  difference  between  AHf  and  AH L 
increases  with  lMn .  This  can  be  understood  if  the  main  con¬ 
tribution  to  the  FMR  absorption  linewidth  is  due  to  the  in¬ 
homogeneous  line  broadening  as  discussed  by  Chappert 
el  al*  Their  idea  is  that  the  specimen  can  be  considered  as  a 
collection  of  independent  domains:  each  region  is  supposed 
to  be  subject  to  a  different  anisotropy  field  due  to  the  pres¬ 
ence  of  stacking  faults  or  grains  having  different  structures, 
and  therefore  different  resonance  fields.  Indeed,  the  FMR 


fields  of  perfect  hep  and  fee  grains  are  respectively, 
Hjcc=<0.75  kOe,  kOe  for  8H=0°  and  H^=14 

kOe,  H1[cp=- 7.9  kOe  for  8H=9Q°.  Therefore  the  internal  field 
distribution  broadens  the  absorption  line  at  all  angles,  but  the 
maximum  broadening  occurs  when  the  field  is  applied  per¬ 
pendicular  to  the  film  plane.  Indeed,  for  0W=9O°,  the  differ¬ 
ence  between  the  bep  and  fee  FMR  fields  is  the  largest 
(H'£c-H^v=‘ 6  kOe)  and  48,  provides  a  measure  of  the 
' field  distribution  and  consequently,  the  partition 
id  fee  phases  within  the  cobalt  sublayers.  How- 
-i,  ivi  the  FMR  field  is  much  less  sensitive  to 

the  variations  of  the  anisotropy  fields  0.6  kOe) 

yielding  a  smaller  linewidth.  Farle  ef  at9  have  reported  a  fit 
of  the  field  linewidth  for  the  [C024  vMn,MJi2  series  assum¬ 
ing  that  the  anisotropy  is  distributed  around  its  mean  value 
[defined  in  Fig.  2(a)]  according  to  a  Gaussian  distribution. 
They  show  that  a  fluctuation  smaller  than  ±  2%  of  the  mag- 
netocrystalline  anisotropy  is  sufficient  to  explain  both  line 
broadenings  (AH ,  and  AHt)  for  samples  with  Mn  thickness 
tMn<12  A.  Such  a  variation  can  be  attributed  to  the  small 
density  of  stacking  faults  which  strongly  affect  the  MC  an¬ 
isotropy.  In  a  predominantly  fee  Co  structure,  it  is  clear  that 
a  stacking  fault  like  ABCABABC...  would  strongly  affect 
two  adjacent  atomic  layers  where  the  involved  atoms  are  in  a 
hep  nearest  neighbor  environment.  In  the  presence  of  such 
stacking  faults  in  the  cobalt  sublayers,  the  average  value  of 
Hmc  is  expected  to  increase  and  the  linewidth  to  broaden. 
However,  for  larger  Mn  thicknesses,  for  which  the  Co  sub¬ 
layers  have  now  a  predominant  hep  structure  (rM„>12  A), 
the  sudden  jump  in  A Hx  up  to  about  0.8  kOe  [Fig.  2(b)] 
indicates  a  larger  spread  of  the  internal  field  than  in  the  pre¬ 
vious  case  (corresponding  to  ±8%  fluctuations  in  the  MC 
anisotropy9).  This  is  considerable  if  compared  to  other  very 
clean  hep  cobalt  structures.  For  example  Co/Ru 
superlattices10  prepared  under  the  same  conditions  present 
Af/j=“A//x=*0.2  kOe.  This  larger  spread  should  be  related 
to  more  stacking  faults  which  tend  to  increase  the  cubic  en¬ 
vironment  of  the  cobalt  atoms  within  the  Co  sublayers.  Most 
striking  is  the  fact  that  the  linewidth  does  not  change  for 
larger  Mn  thicknesses  up  to  t^—32  A,  as  shown  in  Fig. 
2(b),  suggesting  that  the  number  of  stacking  faults  remains 
approximately  the  same. 
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M.  Farte 

1PCMS-GEMME,  4,  rue  Blaise  Pascal,  F-67070  Strasbourg,  France 

W.  A.  Lewis 

Department  of  Materials  Science  and  Engineering,  Stanford  University,  Stanford,  California  94305-2205 

In  situ  temperature  dependent  magneto-optic  Kerr  effect  measurements  in  ultrahigh  vacuum  are 
presented  for  80  and  300  A  thick  Gd(0001)  films.  Films  were  deposited  at  300  K  and  stepwise 
annealed  to  820  K.  It  was  found  that  the  remanent  magnetization  M,(T)  depends  on  the  annealing 
temperature.  The  as-deposited  films  have  a  reduced  Curie  temperature  Tc,  e.g.,  rc(80  A)=273  K, 
which  gradually  shifts  up  to  the  bulk  Tc  of  Gd  upon  annealing  The  changes  in  M ,(T)  are  correlated 
with  a  sharpening  of  the  Gd  low  energy  electron  diffraction  pattern.  The  best  magnetic  homogeneity 
and  structural  coherence  is  found  for  films  annealed  to  620  K.  At  higher  temperatures  the  films  break 
up  into  large  three-dimensional  islands  with  nearly  uncovered  W  areas  in  between  (W  Auger  is 
observed).  The  magnetic  behavior  was  simulated  with  a  model  which  assumes  a  Gaussian 
distribution  of  Tc  values.  From  these  simulations  and  the  known  bulk  pressure  dependence  of  Tc  we 
estimate  the  mean  strain  and  the  strain  distribution  within  the  films. 

I.  INTRODUCTION 

Reports  of  epitaxially  prepared  Gd  films  in  ultrahigh 
vacuum  have  shown  many  interesting  and  sometimes  contra¬ 
dictory  magnetic  results.''10  In  earlier  studies  Weller  el  al. 
found  an  enhanced  Curie  temperature  Tcs= 322  K  and  a  pos¬ 
sible  antiferromagnetic  alignment  of  the  surface 
magnetization.5  The  monolayer  Curie  temperature  Tc  was 
determined  to  be  only  10%  smaller  than  the  bulk  value.1  In 
both  studies  films  were  grown  at  450  °C  on  W(110).  At  that 
substrate  temperature  Gd  forms  three-dimensional  islands 
(Stransky-Krastanov  growth  mode).  More  recently,  Gd  films 
were  studied  which  were  deposited  at  room  temperature. 

They  grow  layer  by  layer  and  when  properly  annealed4,1' 
form  smooth  and  magnetically  homogeneous  layers.  For 
films  prepared  in  this  manner,  a  perpendicular  component  of 
the  surface  magnetization  was  reported  with  a  Tcs  -  370  K.8 
Also,  the  Curie  temperature  of  a  five  monolayer  film  was 
now  found  to  be  reduced  by  more  than  50%  from  bulk  Tc ." 

The  latter  result  was  obtained  by  an  in  situ  ac-susceptibUity 
technique,  which  was  also  used  to  measure  the  annealing 
dependence  of  the  susceptibility.6,11  In  these  experiments, 
however,  one  did  not  find  any  evidence  for  an  enhanced  Tcs 
or  a  magnetic  surface  reconstruction. 

In  the  present  contribution,  we  will  report  Mr(T)  as  a 
function  of  temperature  near  Tc  and  study  its  changes  with 
thermal  treatment  of  the  film.  The  data  is  obtained  by  in  situ 
magneto-optic  Kerr  effect  in  ultrahigh  vacuum  (UHV).  We 
find  a  strong  dependence  of  the  magnetization  on  the  anneal¬ 
ing  procedure  in  agreement  with  previous  results.6,11  We  find 
Tc—212  and  285  K  for  the  as-deposited  80  and  300  A  Gd 
film,  which  shifts  to  289  and  290  K,  respectively,  upon  a  5 
rain  anneal  at  620  K.  Furthermore,  we  find  evidence  of  a 
perpendicular  component  of  the  magnetization  within  the 
film,  which  may  be  located  at  the  Gd  surface,  at  the  Gd/W 
interface,  or  in  bubble  domains  within  the  film.  An  enhance¬ 
ment  of  the  surface  Curie  temperature,  however,  could  not  be 
unambiguously  resolved. 

II.  SAMPLE  PREPARATION 

Gd  fijms  were  evaporated  from  a  precleaned  Ta  crucible 
in  a  vacuum  better  than  4X10-10  mbar  at  rates  of  1  to  2 


monolayers  per  minute.  The  10  mm2  W(110)  substrate  was 
prepared  carbon-  and  oxygen-ffee  in  the  usual  manner1,5,6 12 
and  held  at  a  maximum  of  310±10  K  during  deposition. 
Low  energy  electron  diffraction  (LEED)  and  Auger  electron 
spectroscopy  (AES)  was  performed  at  different  stages  of  the 
growth.  The  contamination  level  of  oxygen  was  always  be¬ 
low  1/20  of  a  monolayer.  Films  thicker  than  2  monolayers 
have  a  barely  distinguishable  Gd(0001)  LEED  pattern  on  a 
bright  background.  This  does  not  change  up  to  300  A.  When 
the  films  are  annealed  to  620  K  for  about  5  min  the  LEED 
pattern  sharpens  considerably  and  the  background  becomes 
as  dark  as  for  the  clean  W(110).  The  Gd  spots,  however,  are 
on  the  order  of  2  to  3  times  broader  than  the  sharp  W  spots. 
Longer  anneals  (20  min)  improved  the  sharpness  only  negli¬ 
gibly.  Neither  changes  in  the  geometry  of  the  LEED  pattern 
nor  in  the  Gd  Auger  line  shapes  are  observed.  The  Gd(1120) 
direction  is  always  found  to  lie  parallel  to  the  W(001)  axis  in 
the  surface  plane.  When  the  films  are  heated  to  820  K,  a 
considerable  difference  is  found  immediately.  The  W  Auger 
signal  reappears  with  a  ratio  Gd(108  eV)/W(163/I69  eV) 
=  120  (for  the  300  A  film!)  and  the  Gd  LEED  spots  become 
very  sharp.  The  appearance  of  the  W  Auger  signal  indicates 
that  the  film  has  formed  large  three-dimensional  (3D)  islands 
with  open  areas  in  between  covered  by  at  most  three  atomic 
Gd  layeis. 

Magnetic  hysteresis  loops  were  recorded  in  situ  by  the 
magneto-optic  Kerr  effect  in  the  longitudinal  geometry  as 
described  elsewhere.7  S-polarized  light  of  a  He-Ne  laser  is 
incident  at  40°  from  the  film  normal.  The  sampling  depth  of 
the  Ken  effect  for  Gd  at  this  wavelength  is  400  A.13  The 
signal  of  a  80  A  film  is  calculated  to  be  50%  of  the  300  A 
signal. 

III.  RESULTS  AND  DISCUSSION 

Temperature  dependent  magnetization  data  between  260 
and  300  K  was  recorded  by  sampling  the  easy-axis  in-plane 
hysteresis  loop  at  ±200  Oe  and  at  ±0  Oe.  The  difference  at 
0  Oe  measures  the  remanent  magnetization  Mr(T),  and  the 
difference  at  ±200  Oe  is  the  field  dependent  magnetization 
M (200  Oe,  T).  The  in-plane  anisotropy  was  studied  approxi- 
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FIG- 1.  Remanent  magnetization  of  300  A  Gd(0001)  on  W(110)  for  differ-  FIG.  2.  Remanent  magnetization  of  80  A  GtMOOOl)  on  W(  110)  foe  different 

ent  annealing  steps:  (a)  as-deposited  310  K,  (b)  410  K,  (c)  620  K,  (d)  820  K.  annealing  steps:  (a)  as-deposited  310  K.  (b)  620  K,  (cl  820  K 

Each  anneal  took  at  mast  10  min. 


1 


mately  every  5  K  for  both  films.  Temperature  dependent 
measurements  were  always  taken  with  the  field  applied  along 
the  easy  in-plane  direction.  In  Fig.  1  we  show  Mr(T )  of  the 
300  A  film  for  different  annealing  stages.  The  as-deposited 
film  (a)  has  a  smaller  magnetization  which  vanishes  at  a 
temperature  T„= 287  K.  Annealing  at  370  K  for  ~2  min 
results  in  the  magnetization  curve  (b).  Mr(T)  vanishes  at 
T„ = 289  K  and  the  initial  slope  of  the  magnetization  is 
steeper.  Further  annealing  to  620  K  shifts  Tu  to  291  K  and 
increases  the  magnitude  of  Af  ,(T)  and  the  slope  of  the  curve. 
Interestingly,  annealing  to  820  K  increases  the  magnetization 
by  a  few  percent,  but  does  not  shift  7’„=291  K  any  higher. 
The  initial  slope  near  Tw ,  however,  becomes  steeper,  or  in 
other  words  the  transition  becomes  sharper.  In  Fig.  2,  we 
show  the  results  for  the  80  A  thin  film.  The  as-deposited  film 
(a)  has  only  a  weak  signal  which  vanishes  with  a  quasilinear 
temperature  dependence  at  279  K.  Annealing  yields  qualita¬ 
tively  the  same  results  as  for  the  300  A  film.  The  magneti¬ 
zation  increases  and  T„  shifts  close  to  the  bulk  Tc . 

For  both  films  the  coercive  fields  Hc  are  typically  50  to 
70  Oe  at  260  K.  Neither  an  angular  dependence  of  Hc  nor 
shape  of  the  rectangular  hysteresis  loops  is  observed.  Only  a 
weak,  angular  independent  linear  signal  of  Gd  is  superim¬ 
posed  on  the  squarish  hysteresis  within  -200  to  +200  Oe. 
We  will  come  back  to  this  later.  Annealing  to  820  K  de¬ 
creases  Hc  to  10-15  Oe.  And  a  weak  in-plane  anisotropy  is 
found,  which  can  be  modeled  by  a  superposition  of  the  Gd 
threefold  magnetocrystalline  anisotropy  and  a  lattice- 
mismatch  induced  uniaxial  in-plane  stress  anisotropy. 

To  accurately  determine  the  ordering  temperature  and  to 
quantify  the  observed  changes  of  Mr(T)  (Fig.  1  and  Fig.  2) 
we  simulate  our  experimental  data  with  the  convolution  of 
the  theoretical  power  law  for  the  spontaneous  magnetization 
and  a  Gaussian  distribution 

=  ^M(0)(1  -T/Tci)l> 

Xe-{U2i2)(Tc,-(Tc))2  dT  j  (,) 

J.  Appt.  Phys.,  VW.  re,  No.  10,  IS  May  1994 


In  analogy  to  other  studies6  '4  this  model  assumes  that 
the  film  consists  of  homogeneous  regions  in  each  of  which 
the  magnetization  is  described  by  a  3D  Heisenberg-like 
power  law  with  a  different  regional  Tcl .  For  simplicity  we 
assume  a  Gaussian  distribution  of  Tcl  around  a  mean  value 
( Tc ).  The  different  Tn  may  originate  from  locally  varying 
strains  which  arise  due  to  defects  and  from  the  thickness 
dependent  strain  accommodation.  Using  the  well-known 
pressure  dependence  of  bulk  Tc  of  Gd  and  considering  the 
large  bulk  lattice  mismatch  (about  15%)  of  W(110)  and 
Gd(0001),  a  distribution  of  several  degrees  kelvin  within  the 
film  is  reasonable.  The  result  of  the  simulation  is  shown  in 
Fig.  3.  We  chose  M(0)=0.21  and  0=0.365  (3D  Heisenberg) 
and  left  ( Tc )  be  fixed  at  290  K  to  clearly  show  the  effect  of 
broadening  the  Tc  distribution.  For  a  width  s=0.2  K  (b)  one 
already  obtains  a  deviation  of  about  half  a  kelvin  from  the 
uniform  spontaneous  magnetization  (a)  and  a  decrease  of  the 
slope  near  Tc .  For  the  larger  distribution  of  s  =  l  K  (c)  one 
finds  quantitatively  the  same  form  as  for  the  experimental 
300  A  data  annealed  at  620  K.  The  zero  field  tail  of  approxi¬ 
mately  2  K  and  the  curvature  of  M ,(T)  is  reproduced.  We 
also  show  a  distribution  of  s=6  K  (d)  since  it  reproduces  the 
weak  slope  and  the  reduced  magnetization  of  the  as- 
deposited  80  A  data.  For  this  distribution  (Tc)  lies  6  K  below 
Tv.  By  comparison  with  our  simulations  we  determine 
(TV)  =273  K  for  the  unannealed  80  A  film.  Similar  simula¬ 
tions  for  all  the  curves  shown  in  Fig.  1  and  Fig.  2  yield  the 
ordering  temperatures  and  their  distributions  given  in  Table  I. 
To  obtain  the  best  possible  fits  for  all  curves  a  variation  of 
20%  had  to  be  allowed  for  M( 0).  The  detailed  presentation 
of  these  simulations,  the  critical  behavior,  and  the  effective 
critical  exponent  0  is  beyond  the  scope  of  this  publication 
and  will  be  presented  elsewhere.  We  would  like  to  point  out, 
however,  that  a  determination  of  the  transition  temperature 
based  on  a  double  logarithmic  plot  of  M ,( T)  versus  the  re¬ 
duced  temperature  would  yield  erroneous  results,  since  Tr  is 
used  as  a  fit  parameter  to  maximize  the  linear  region  of  such 
a  presentation.  Furthermore,  we  find  that  the  effective  0  of 
the  data  which  includes  a  distribution  of  Tc  [curves  (b),  (c), 
and  (d)  in  Fig.  3]  is  reduced  in  comparison  to  the  pure  power 
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FIG.  3.  Simula!. v»  of  the  magnetization  according  to  Eq.  <  1 ).  The  width  s  of 
the  distribution  used  is  (a)  0  K.  (b)  0.2  K,  ic>  1  K,  <d)  6  K 

law  [curve  (a)  in  Fig.  3].  This  is  evident  from  the  smaller 
slope  of  M,(T)  near  Tc  (Fig.  3).  In  addition,  we  estimate  an 
average  strain  <=2.8%  and  a  strain  distribution  A<=1%  for 
the  annealed  80  A  film.  This  is  calculated  assuming  the 
known  pressure  dependence  A7'c/Ap  =  -14  K/GPa  (Refs.  15 
and  16)  of  Tc  and  elasticity  constants17  of  bulk  Gd. 

Now  we  will  comment  briefly  on  the  shape  of  the  hys¬ 
teresis  loops  as  mentioned  before.  In  general,  the  magneto¬ 
optic  Kerr  effect  (MOKE)  signal  at  remanence  was  only 
about  80%-90%  of  the  one  at  200  Oe.  From  the  hysteresis  it 
is  evident  that  a  linear  background  signal  [not  present  for  the 
clean  W(110)  substrate]  is  added  to  the  squarish  in-plane 
loop.  This  signal  is  angular  independent.  The  difference  be¬ 
tween  M,(T)  and  a/(200  Oe.  T)  decreases  when  the  films 
are  annealed  to  820  K  or  contaminated  for  several  hours  in 
vacuum.  We  suppose  that  the  origin  of  the  linear  background 
signal  is  due  to  a  perpendicular  component  of  the  magneti¬ 
zation  within  the  film.  This  would  show  up  as  a  hard-axis 
loop  in  our  geometry.  However,  we  cannot  distinguish  a  sur¬ 
face  from  a  bulk  contribution,  since  MOKE  samples  the  total 
film  thickness.  We  suppose  that  the  signal  arises  from  a  sur¬ 
face  layer  and  possibly  from  the  Gd  bottom  layer.  The  per¬ 
pendicular  component  at  the  interface  may  be  strain  induced. 
This  would  be  consistent  with  the  observation  that  upon  an¬ 
nealing  the  signal  difference  decreases  (strain  relaxation)  and 
that  the  difference  for  the  80  A  film  it  is  about  a  factor  of  2 


TABLE  I.  Average  Curie  temperature  and  its  spread  '  for  different  anneal- 
ing  steps  as  obtained  by  fitting  the  experimental  data  to  Eq.  (1). 


Film 

Annealing 
temperature  (K) 

{Tf) 

(K) 

(K) 

300 

285 

2 

300  A 

400 

287.5 

1.5 

619 

290 

1 

850 

290 

0.6 

300 

272 

6 

80  A 

619 

288 

1.2 

850 

289 

0.7 

larger  than  for  the  300  A  film  (sampling  depth)  Comparison 
with  a  calculation  for  the  thickness  dependence  of  the 
MOKE  signal13  yields  an  interface/surface  layer  thickness  of 
about  eight  atomic  layers. 

We  do  not  find  clear  evidence  for  an  enhanced  Tcs .  For 
a  few  cases  a  weak  A/(200,T)  signal  was  observed  up  to 
310  K,  but  we  never  see  an  signal  up  to  370  K.8  However,  it 
seems  possible  that  in  the  longitudinal  MOKE  configuration 
the  sensitivity  is  not  sufficient  to  detect  a  hard  axis  loop  of  a 
few  layers  only.  Studies  using  the  polar  Kerr  geometry  would 
be  required  to  give  a  clear  answer  to  the  existence  of  a  per¬ 
pendicular  component. 

IV.  SUMMARY 

We  have  presented  the  first  detailed  study  of  the  magne¬ 
tization  of  80  and  300  A  Gd(0001)  films  on  W(110)  near  the 
Curie  temperature  and  its  dependence  on  the  heat  treatment 
of  the  film.  The  temperature  dependence  is  modeled  by  a 
Gaussian  distribution  of  Curie  temperatures.  From  this  we 
determine  the  average  ( Tc )  and  the  width  of  the  T,  distribu¬ 
tion  within  the  film.  With  the  known  pressure  dependence  of 
the  bulk  Tc,  we  estimate  the  average  strain  within  the  film 
and  its  relaxation  as  a  function  of  heat  treatment.  We  also 
present  evidence  for  a  perpendicular  component  of  the  mag¬ 
netization  within  the  film. 
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Parametric  excitation  of  spin  waves  (SWs)  under  conditions  of  perpendicular  pumping  was 
investigated  in  epitaxial  films  of  yttrium  iron  garnet  (YIG).  The  related  microwave  power  absorption 
was  measured  at  the  frequency  9.1  GHz  in  the  magnetic  field  range  1200-1600  Oe.  A  series  of 
absorption  peaks  closely  spaced  on  the  magnetic  field  scale  were  observed  near  the  threshold  of 
first-order  Suhl  instability  of  spin  waves.  The  peaks  spaced  by  0.2-0.7  Oe  originate  from  the 
shallow  ripple  of  the  butterfly  curve.  This  is  the  first  observation  of  the  fine  structure  at  subsidiary 
absorption  in  YIG  films.  The  peak  spacing  was  measured  as  a  function  of  dc  magnetic  field  H,  film 
thickness  d,  and  in-plane  sample  dimensions  L  for  square  samples.  In  the  field  range  1300-1400  Oe 
the  spacing  did  not  depend  on  H  and  was  inversely  proportional  to  L  in  the  range  of  0.6-3  mm.  No 
thickness  dependence  was  found  in  the  range  d= 3-45  pm.  Explanation  is  given  in  terms  of 
standing  spin  waves  set  in  the  film  plane  and  related  to  the  exchange  part  of  SW  dispersion  curves 
in  ferrite  film. 


I.  INTRODUCTION 

The  phenomenon  of  first-order  Suhl  instability  of  spin 
waves  (SWs)  is  k  nown  since  the  early  experimental  work  of 
Wang  and  Blombergen'  and  theoretical  treatment  given  by 
Suhl.2  The  two  basic  techniques  to  detect  this  type  of  insta¬ 
bility  are  perpendicular  pumping  and  parallel  pumping,  when 
a  ferrite  sample,  placed  in  a  dc  magnetic  field,  is  subjected  to 
a  microwave  magnetic  field  directed  either  perpendicularly 
or  parallel  to  a  dc  magnetic  field.  The  SW  instability  results 
in  energy  absorption  taking  place  above  the  ceium  threshold 
level  oi  pumping  power  which  is  due  to  rhe  parametric  ex¬ 
citation  of  spin  waves  at  half  a  pumping  frequency.  A  dc 
magnetic  field  dependence  of  the  threshold  power  is  very 
similar  for  both  perpendicular  and  parallel  pumping  geomet¬ 
ries  and  is  usually  called  a  butterfly  curve.  The  perpendicular 
pumping  technique  is  also  regarded  as  that  of  subsidiary  ab¬ 
sorption. 

In  the  seventies  Jantz  and  Schneider  observed  the  fine 
structure  of  the  absorption  in  YIG  spheres  both  for  parallel 
and  perpendicular  pumping  (see,  e.g.,  Ref.  3).  The  structure 
resulted  from  the  ripple  of  the  butterfly  curves  and  looked 
like  a  series  of  narrow  absorption  peaks  closely  spaced  on  a 
dc  magnetic  field  scale.  The  authors2  ascribed  the  structure  to 
the  parametric  excitation  of  single  exchange  SW  modes  as¬ 
sociated  with  standing  waves  set  in  over  the  diameter  of  the 
sphere.  This  model  was  in  good  correlation  with  the  experi¬ 
ment  for  parallel  pumping  but  did  not  give  a  satisfactory 
explanation  for  the  case  of  subsidiary  absorption.  Later  Be¬ 
rezin  el  at*  and  Kalinikos  el  al.5  observed  a  similar  effect  at 
parallel  pumping  in  thin  YIG  films  and  found  the  dips  of  the 


butterfly  curve  corresponding  to  SW  resonances  over  the  film 
thickness  at  half  the  pumping  frequency.  Recently  Wiese 
er  at.6  reported  on  the  same  effect  in  relatively  thick  YIG 
films  at  parallel  pumping. 

The  fine  structure  at  perpendicular  pumping  was  not  yet 
reported  in  YIG  film  experiments  and  its  explanation  for 
spheres  remained  uncertain.  Lately  Wiese7  has  made  the  ex¬ 
act  theoretical  calculations  of  unstable  SW  modes  in  sphere 
both  for  perpendicular  and  parallel  pumping  and  used  the 
obtained  selection  rules  to  identify  the  modes  responsible  for 
the  structure  of  subsidiary  absorption  in  experiments  of  Jantz 
and  Schneider.3  Despite  a  good  agreement  with  the  previ¬ 
ously  reported  experimental  data  this  identification  is  some¬ 
what  ambiguous  because  it  needs  additional  assumptions  on 
the  relaxation  mechanism  of  SWs.  The  difficulty  of  unam¬ 
biguous  identification  is  due  to  the  high  degeneracy  of  the 
SW  spectrum  in  spheres  as  well  as  to  the  lack  of  more  defi¬ 
nite  experimental  data  than  that  of  Ref.  3. 

In  the  present  work  we  repoit  on  the  first  observation  of 
the  fine  structure  of  subsidiary  absorption  in  YIG  films.  In 
contrast  to  spheres  the  thin  film  samples  feature  the  SW 
spectrum  descreteness  due  to  quantization  of  SW  wave  num¬ 
ber  over  the  film  thickness.  A  tangentially  magnetized  film 
also  has  anisotropic  dispersion  law  of  SWs.  These  two  fac¬ 
tors  make  it  easier  to  single  out  the  SW  modes  responsible 
for  the  fine  structure  on  the  basic  of  experimental  data  with¬ 
out  any  assumptions  on  the  relaxation  mechanism  of  the 
SWs.  We  investigated  the  fine  structure  dependence  on  the 
film  thickness,  in-plane  sample  dimensions  on  the  dc  mag- 
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FIG.  1.  The  example  of  the  subsidiary  absorption  fine  structure  observed  in  Y1G  film.  Film  thickness  is  29.1  fa n,  tangentially  magnetized  square  sample  with 
in-plane  dimensions  of  1.5  X  1.5  mm.  The  microwave  pumping  power  increases  from  a  to  d  being  equal  to  42  mW  for  a  and  42.5  nW  for  d.  The  appearance 
of  the  second  series  of  peaks  and  its  overlapping  with  the  first  one  can  be  easily  seen. 


netic  field  and  associated  it  with  in-plane  resonances  of 
standing  exchange  SWs. 

II.  EXPERIMENT 

The  measurements  were  performed  at  9.1  GHz,  the  mi¬ 
crowave  and  dc  magnetic  fields  being  oriented  in  the  film 
plane  perpendicular  to  each  other.  We  used  the  conventional 
electron  spin  resonance  spectrometer  (Varian  E12)  with  dc 
field  modulation  at  100  kHz.  The  100  kHz  signal  from  the 
lock-in  amplifier  was  used  to  record  the  fine  structure  and  to 
measure  the  fine  structure  spacing.  Along  with  the  100  kHz 
signal  the  dc  signal  from  the  microwave  detector  was  moni¬ 
tored  with  an  oscilloscope  to  avoid  possible  artefacts  related 
to  dc  field  modulation.  The  details  of  the  measuring  proce¬ 
dure  are  described  elsewhere.8  The  investigated  samples 
were  rectangulars  cut  from  YIG  films  epitaxially  grown  on 
(111)  oriented  GGG  substrates.  The  film  thickness  ranged 
from  2.95  to  45  /an,  the  in-plane  dimensions  from  0.6  to  2.9 
mm,  the  sample  edge  being  parallel  to  the  dc  magnetic  field. 
The  fine  structure  (Fig.  1)  looked  like  a  series  of  narrow 
peaks  well  separated  on  the  magnetic  field  scale  with  no 
absorption  between  peaks.  The  structure  was  usually  ob¬ 
served  at  the  flat  parts  of  the  butterfly  curve — mainly  near 
the  bottom  of  the  broad  minimum  of  the  butterfly  curve  typi¬ 
cal  of  subsidiary  absorption  in  YIG.9  The  local  flatness  of  the 
curve  is  a  necessary  condition  for  the  structure  observation 
because  the  structure  originates  from  the  shallow  ripple  of 
the  butterfly  curve,  each  absorption  peak  in  Fig.  1  corre¬ 
sponding  to  the  dip  on  tire  butterfly  curve.  When  the  pump¬ 
ing  power  level  is  increased  (Fig.  1  from  a  to  d),  the  addi¬ 
tional  peaks  appear  forming  another  series.  Finally  the  peaks 
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merge  into  the  continuous  absorption  band  when  the  pump¬ 
ing  power  exceeds  the  amplitude  of  the  ripple.  The  small 
changes  dtop  of  pumping  frequency  uip  (up  to  20  MHz)  re¬ 
sulted  in  the  shift  dH  of  the  peaks  position  on  magnetic  field 
scale,  the  ratio  duildH  being  equal  to  yTL,  where  y  is  the 
gyromagnetic  ratio  of  YIG.  This  definitely  indicates  that  the 
observed  peaks  and  related  ripple  of  the  butterfly  curve  origi¬ 
nate  from  some  resonances  at  half  a  pumping  frequency  ur/Z 
rather  than  from  probable  variations  of  the  pumping  field 
amplitude  at  top.  These  amplitude  variations  might  result 
from  microwave  absorption  related  to  the  excitation  of  high 
order  SW  modes.  With  changing  dc  magnetic  field,  this  ab¬ 
sorption  causes  the  small  changes  of  microwave  magnetic 
field  inside  the  spectrometer  cavity.  Being  rather  small  these 
changes  might  however  trigger  the  subsidiary  absorption — if 
the  pumping  power  level  is  close  to  the  threshold.  Using  the 
above  measurements  of  duildH  we  made  ourselves  confident 
that  this  sort  of  artefact  was  not  the  case  in  our  experiments 
and  that  we  dealt  with  “true”  first-order  instability  of  SWs. 

To  further  test  the  origin  of  these  resonances  we  mea¬ 
sured  the  peaks  spacing  SH  as  a  function  of  the  dc  field 
position  and  of  the  in-plane  dimensions  of  the  sample  (Fig. 
2).  In  the  range  1300-1400  Oe  the  spacing  did  not  change 
substantially  for  a  given  sample  but  was  inversly  propor¬ 
tional  to  the  in-plane  dimensions.  The  thickness  dependence 
of  SH  showed  no  substantial  variations  of  the  spacing  de¬ 
spite  the  change  of  the  thickness  by  a  factor  more  than  15 
(Fig.  3). 

The  additional  information  on  the  structure  was  obtained 
by  the  roughening  of  the  sample  in-plane  edges  with  50  /an 
sandpaper  and  by  putting  the  100  A  conducting  layer  (60 
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FIG.  2.  The  fine  structure  spacing  8H  as  a  function  of  magnetic  field  H  for 
different  sample  dimensions.  The  film  thickness  is  29.1  urn  for  ail  the 
samples.  The  dashed  lines  are  a  guide  for  the  eye  ami  connect  the  points 
related  to  the  same  sample.  The  sample  dimensions  (in  mm)  are  given  near 
the  corresponding  lines. 


fl/O)  adjacent  to  the  film  plane.  The  roughening  was  used  to 
eliminate  the  fine  structure  and  increased  the  threshold  of  the 
subsidiary  absorption.  The  metal  did  not  influence  the  fine 
structure  but  gave  rise  to  the  increase  of  the  linewidth  of  the 
dipole  (magnetostatic  modes)  in  linear  spectrum.  For  the  1.5 
X1.5  mm  sample  from  Fig.  2  the  magnetostatic  resonance 
lines  observed  in  the  dc  field  range  2.5-3. 1  kOe  were  broad¬ 
ened  by  factor  from  2  at  3.1  kOe  to  15  at  2.5  (kOe).  None¬ 
theless  no  effect  was  found  in  the  field  range  1200-1600  Oe 
corresponding  to  subsidiary  absorption.  The  dipole  magneto¬ 
static  modes  at  3.1  kOe  had  in-plane  resonance  numbers 


FIG.  3.  The  fine  structure  spacing  SH  as  e  function  of  Y1G  film  thickness  d. 
The  samples  are  rectangular  with  in-plane  dimensions  varying  fiom  1  to  2.5 
mm.  The  open  circles  correspond  to  the  data  scaled  to  the  sample  size 
2.5  x  2.5  for  square  samples.  The  dashed  line  is  a  guide  for  the  eye. 


about  65  which  corresponded  to  the  value  of  an  in-plane 
wave  number  q  about  1500  cm1,  the  total  wave  number  be¬ 
ing  about  2000  cm-1. 

m.  DISCUSSION 

The  above  results  show  that  the  observed  structure  is 
related  to  resonances  taking  place  at  half  a  pumping  fre¬ 
quency.  Unlike  the  results  obtained  at  parallel  pumping4  6 
the  structure  is  not  associated  with  standing  SWs  over  the 
film  thickness  d  because  in  our  case  the  peaks  spacing  de¬ 
pends  on  in-plane  dimensions  of  the  samples  rather  than  on 
their  thickness.  In-plane  SWs  eligible  to  go  unstable  at  half  a 
pumping  frequency  <u /l  may  belong  either  to  dipole  (mag¬ 
netostatic)  or  to  the  exchange  part  of  the  dispersion  curves  of 
SWs  in  thin  tangentially  magnetized  films. 10  The  slope  of  the 
dispersion  curves  in  the  dipole  (low  q)  region  strongly  de¬ 
pends  on  the  film  thickness — the  well-known  result  of  Da¬ 
mon  and  Eshbach.  For  this  reason  the  dipole  modes  spacing 
should  strongly  depend  on  the  film  thickness  which  was  not 
observed  in  experiment.  Therefore  in-plane  standing  SWs 
that  could  be  responsible  for  the  structure  in  our  case  cannot 
be  of  dipole  origin.  Also  the  metal-induced  broadening  of  the 
dipole  magnetostatic  resonances  did  not  influence  the  fine 
structure  which  indicates  the  structure  relation  with  a  SW 
having  a  wave  number  much  more  than  2000  cm  1  Bearing 
in  mind  the  above  considerations  we  would  explain  the  struc¬ 
ture  as  originating  from  the  in-plane  standing  SWs  related  to 
the  upgoing  exchange  parts  of  SW  dispersion  curves  in  tan¬ 
gentially  magnetized  ferrite  films.  However  this  simple 
model  cannot  quantitatively  explain  the  measured  values  of 
peaks  spacing  SH  in  the  fine  structure  (Fig.  2).  The  maxi¬ 
mum  value  of  SH  that  can  result  from  irIL  quantization  of 
in-plane  wave  vector  of  exchange  in-plane  SW  modes  corre¬ 
sponds  to  SWs  propagating  along  the  dc  magnetic  field.  This 
value  for  the  samples  listed  in  Fig.  2  is  by  a  factor  of  7  less 
than  the  experimental  one.  The  possible  cause  for  such  a 
discrepancy  might  be  the  interaction  of  spin  and  elastic 
waves.  This  point  can  be  testified  via  measurements  of  the 
exact  proportion  of  the  in-oUne  wave  number  components 
for  these  modes  as  well  as  on  their  thickness  number.  The 
work  on  this  problem  is  in  progress. 

ACKNOWLEDGMENT 

This  work  has  aeen  done  with  the  partial  support  of  the 
Israeli  Ministry  of  Absorption. 

'N.  Btombctjca  and  S  Waaq.  Phys  Hcv  W.  72  (1954). 

:H.  SnhL  J.  Phys  Otcm  Solids  I.  2D9  I IWI. 

‘W  Jam  and  J.  Schnodet.  Phys.  Stunt  Sol  ah  31.  595  11975). 

*L  Z.  Berezin.  B.  A.  UMo.  N.  G.  Kovshikov.  S.  P.  Orotoiankii.  and  D.  N. 
Qunoruhsku.  Sov.  Fhys.  Solid  Scree  2»,  1214  (19781. 

'B  A.  Kaliaikos,  N.  G.  Kovshikov.  and  N.  V.  Kozhin.  Sov.  Phys  Solid 
Slate  JA  1735  (1984) 

•G.  Wieae,  L  Box  mao.  P.  Kabos.  and  C.  E.  ration.  J.  Appl  Fhys.  (in 
prere). 

7G.  Wiese,  7.  Fhys.  B-Coodcas.  Manet  *2.  453  11991). 

‘A  V.  Pomyalov,  I.  Laulicht.  and  J.  Break.  Fhysica  A  IS*.  267  (1993). 
’C.  E.  Patton,  Phys.  Hep  1*3.  251  (1984). 

“B.  A  KaJimkos  and  A.  N.  Slavin.  J.  Phys.  C  I*.  7013  (1986):  IEEE  Dans 
Magn.  MAG-27.  5444  (1991). 


J.  Appl.  Phys..  Vol.  75,  No.  10, 15  May  1994 


A  V.  Pomyalov  and  I.  LatAcht  5009 


Instability  mechanism  of  collective  spin  wave  oscillations  in  finite-size 
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A  sample-size  effect  on  spin  wave  auto-oscillations  under  parallel  pumping  is  studied 
experimentally  in  tangentially  magnetized  rectangular  samples  of  yttrium-iron  garnet  (Y1G)  films 
where  one  of  the  in-plane  sizes  is  varied.  A  previously  developed  one-dimensional  theoretical  model 
of  unstable  collective  oscillations  in  the  system  of  parametrically  excited  spin  waves  is  used  to 
describe  the  mechanism  of  spin  wave  auto-oscillations  observed  in  YIG  films.  Our  results  show  that 
the  one-dimensional  model  (that  works  well  for  YIG  spheres)  gives  only  qualitative  description  of 
the  sample-size  effect  in  YIG  films  and  the  incorporation  of  the  second  finite  size  (film  thickness) 
in  this  model  is  needed  to  achieve  quantitative  agreement  with  experiment  in  the  film  geometry. 


Spin  wave  auto-oscillations  in  ferrites  above  the  thresh¬ 
old  of  parametric  excitation  of  spin  waves  discovered  in  Ref. 
1  were  studied  intensively  during  the  last  decade  mostly  be¬ 
cause  of  interesting  chaotic  dynamics  they  demonstrate  in  a 
strongly  nonlinear  regime  (see,  e.g..  Refs.  2-5). 

Although  a  lot  of  experimental  and  theoretical  work  has 
been  done  in  this  field  some  features  of  spin  wave  auto¬ 
oscillations  even  in  a  weakly  nonlinear  regime  (near  the 
threshold  of  spin  wave  auto-oscillations)  were  not  well  un¬ 
derstood.  In  particular,  experiments  performed  by  Rezende 
el  al.6'7  demonstrate  a  pronounced  sample-size  dependence 
of  auto-oscillation  frequency  and  threshold  that  was  not  ex¬ 
plained  by  the  traditional  theory.8'9 

In  our  previous  work1011  we  developed  a  one- 
dimensional  model  of  spin  wave  auto-oscillations  under  par¬ 
allel  pumping  in  finite-size  ferromagnetic  samples  taking 
into  account  the  boundary  conditions  for  the  envelope  of  the 
packet  of  parametrically  excited  spin  waves  at  the  boundaries 
of  a  magnetic  sample.  This  model  explains  the  sample-size 
dependence  of  auto-oscillation  frequencies  and  thresholds 
observed  in  YIG  spheres  in  Refs.  6  and  7.  In  our  present 
paper  we  describe  our  own  experiments  on  sample-size  de¬ 
pendence  of  auto-oscillations  performed  in  tangentially  mag¬ 
netized  rectangular  YIG  film  samples,  and  discuss  the  appli¬ 
cations  of  our  theoretical  model  to  the  case  of  films. 

The  theoretical  model1011  that  we  are  using  to  describe 
the  sample-size  effect  in  spin  wave  auto-oscillations  is  an 
extension  of  the  S  theory  of  auto-oscillations  in  infinite  fer¬ 
romagnetic  medium.8  In  the  framework  of  this  theory  spin 
wave  auto-oscillations  are  interpreted  as  unstable  collective 
oscillations  in  the  system  of  parametrically  excited  spin 
waves.  These  oscillations  are  originated  from  the  four-wave 
interaction  between  parametric  spin  waves.  The  criterion  of 
instability  of  collective  oscillations  can  be  formulated  as  (see 
Ref.  8) 

2R  +  1C0,  (1) 

where  R  =  T/S,  and  S  and  T  are  the  coefficients  of  four-wave 
interaction  between  spin  waves  defined  in  Ref.  8. 

In  the  case  of  a  finite  magnetic  sample  we  assume  that 
the  collective  oscillations  in  the  system  of  parametrically  ex¬ 


cited  spin  waves  can  be  spatially  inhomogeneous  (i.e.,  can 
propagate  in  the  sample)  and  the  amplitudes  At  of  these 
oscillations  (or  secondary  waves)  must  satisfy  certain  bound¬ 
ary  conditions  at  the  sample  boundaries.  For  simplicity  we 
assume  that  only  one  size  of  the  sample  is  relevant — the  size 
in  the  direction  of  propagation  of  parametric  spin  waves  ex¬ 
cited  at  the  threshold.  In  the  case  when  the  mean  free  path 
1  =Vg/yt  of  spin  waves  in  a  sample  is  much  smaller  than  the 
sample  size  D(  1  -SD)  the  boundary  conditions  for  the  oscil¬ 
lation  amplitudes  must  be  the  conditions  of  “no  reflection” 
at  the  boundary  64  4  =0).  Under  these  conditions  the 
model10'11  yields  the  following  expressions  for  the  auto¬ 
oscillation  threshold  and  the  auto-oscillation  frequency 
uix  at  this  threshold: 
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is  the  threshold  of  parametric  excitation  of  spin  waves  under 
parallel  pumping,  vg  =  duttldk  is  the  group  velocity  of  para¬ 
metric  spin  waves  (04=tt/2), 

o>1={wh-Nzwm  +  atoMk2 )( toH  -Nzu>h+  auiuk2  +  ojm  ) 

(5) 


is  the  spin  wave  eigenfrequency,  k  is  the  wave  number, 
aiH=  yH0,  Ha  is  the  external  bias  magnetic  field, 
cuM=  y4rrAf0,  Ma  is  the  saturation  magnetization,  a  is  the 
exchange  constant,  a>p  is  the  pumping  frequency,  yt  is  the 
spin  wave  relaxation  parameter,  and  y  is  the  modulus  of  the 
gyromagnetic  ratio  for  electron  spin.  The  four-wave  interac¬ 
tion  coefficients  T  and  S  (and  their  ratio  R  =  T/S)  can  be 
calculated  from  the  general  expressions  presented  in  Ref.  12 
[see  Eqs.  (3.1.24)-(3.1.25)  in  Ref.  12]. 

In  our  present  paper  we  apply  the  model  Eqs.  (2)  and  (3) 
to  the  case  of  a  tangentially  magnetized  film.  In  this  case  the 
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BIAS  MAGNETIC  FIELD  (Oe) 


FIG.  1.  Experimental  characteristics  of  spin  wave  auto-oscillations  in  tangentially  magnetized  YIG  Sim  samples  [thickness  L  • 1 10  *un,  width  IP  -  2  mm, 
orientation  (Ill)]  of  different  lengths  0.8  nun<D<6  mm:  (a)  threshold  of  parametric  excitation  hIlt ;  (bl  threshold  of  spin  wave  auto-oscillations  ;  (c) 
frequency  of  spin  wave  auto-oscillations;  (d)  frequency  of  spin  wave  autooscillations  for  several  intermediate  sample  lengths  D  in  the  bias  held  region 
fH0<700  Oe)  where  the  sample-size  effect  was  observed. 


spin  wave  distribution  lacks  axial  symmetry  and  both  S  and 
T  are  dependent  on  the  difference  H0~HC  between  the  bias 
magnetic  field  Ha  and  its  critical  value  Hc  corresponding  to 
the  minimum  of  the  “butterfly"  curve; 
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Here  and  above  Nz  is  the  demagnetization  factor  of  the  mag¬ 


netic  sample  in  the  direction  of  the  bias  magnetic  field 
(Afj-1/3  for  a  sphere  and  Nz= 0  for  a  tangentially  magne¬ 
tized  film),  <o0  =  yHa ,  //<I  =  2KI/M0  is  the  effective  anisot¬ 
ropy  field  (Ha  =  -84  Oe  for  YIG  at  a  room  temperature),  Kt 
is  the  constant  of  cubic  crystallographic  anisotropy,  and  f}  is 
a  coefficient  dependent  on  the  orientation  of  the  saturation 
magnetization  Mq  relative  to  the  crystallographic  axes  of  the 
sample  (see  Refs.  12  and  13  for  details). 

The  mode)  (2),  (3)  takes  into  account  only  one  finite  size 
D  of  the  sample  and  is  applicable  when  parametric  spin 
waves  with  wave  numbers  it > 0  (H0<HC)  are  excited  in  the 
sample  by  parallel  pumping. 

We  performed  a  series  of  experiments  on  rectangular 
YIG  film  samples  magnetized  in  the  film  plane  along  the 
sample  width  (W=2  mm).  The  idea  of  these  experiments 
was  to  change  the  length  of  the  sample  (£>  =  0.8-6  mm) 
and  to  see  how  it  affects  the  frequency  of  spin  wave  auto¬ 
oscillations.  The  samples  were  cut  from  an  epitaxial  YIG 
film  (thickness  L  =110  /an)  of  the  orientation  (111)  to  get  the 
minimum  crystallographic  anisotropy  in  the  film  plane.  The 
spin  waves  were  excited  by  parallel  pumping  in  a  TE)02  re¬ 
flection  type  cavity  at  the  frequency  oy2ir=9.24  GHz.14 


J.  App  Phys.,  Voi.  75.  No.  10. 15  May  1904 


Savin  mt!. 


5611 


bill) 


The  microwave  pumping  field  was  parallel  to  the  bias  mag¬ 
netic  field  (and  to  the  width  W  of  the  sample),  so  the  effec¬ 
tive  sizes  of  the  sample  for  parametrically  excited  spin  waves 
(at  the  angle  9=  ir/2  to  the  bias  field)  were  the  length  D  and 
the  thickness  L .  The  experimental  results  for  the  threshold  of 
parametric  excitation  of  spin  waves  Att ,  the  threshold  of  spin 
wave  auto-oscillations  and  the  auto-oscillations  fre¬ 
quency  /0  as  functions  of  a  bias  magnetic  field  H0  in  tangen¬ 
tially  magnetized  YIG  film  samples  of  different  lengths  D 
are  presented  in  Figs.  l(a>— 1(d).  It  is  easy  to  see,  that  in  films 
the  sample-size  effect  is  observed  only  for  sufficiently  small 
values  of  the  bias  field  A/0<  700  Oe  (or  for  sufficiently  large 
values  of  a  spin  wave  wave  number  t>3  x  10s  cm'  ’). 

Our  theory  of  a  size  effect  in  auto-oscillations,10'"  was 
developed  for  a  one-dimensional  case  where  only  one  size  of 
the  sample  (e.g..  D)  was  relevant.  To  apply  our  model  to  the 
case  of  a  tangentially  magnetized  film  sample  we  made  a 
naive  assumption  that  the  auto-oscillation  frequency  in  this 
sample  can  be  represented  in  the  form  of  a  sum 

atOK(l,D)  =  <oolc(D)  +  (lOKU),  (8) 

where  the  first  term  depends  on  the  sample  length  D  and  is 
given  by  the  above  presented  Eq.  (3),  while  the  second  term 
is  determined  by  the  film  thickness  L  and  by  small  effects 
like  scattering  of  auto-oscillations  on  each  other  and  on  ran¬ 
dom  inhomogeneities  of  the  medium.  These  effects  are  de¬ 
scribed  in  detail  in  Ref.  IS  and  were  not  taken  into  account 
in  the  simple  S  theory  of  auto-oscillations.8,10'"  When  D  is 
increasing  oi<w.(D)  —0  and  for  relatively  large  values  of  D 
we  get  u>^.(L,D)— •  ftMC(Z.).  We  did  not  calculate  il^L) 
here  and  assumed  that  this  term  is  equal  to  the  auto¬ 
oscillation  frequency  (l^(L)=  190  kHz  in  the  sample  hav¬ 
ing  the  largest  length  0  =  6  mm  (see  Figs.  1(c)  and  1(d). 

It  is  clear  from  Figs.  1(b)  and  1(c)  that  the  sample-size 
effect  in  films  manifests  itself  only  for  H0< 700  Oe.  (The 
nature  of  auto-oscillations  observed  in  the  bias  field  region 
//„> 700  Oe  will  be  discussed  elsewhere.16)  To  explain  this 
fact  we  assumed  that  for  H0» 700  Oe  the  instability  criterion 
Eq.  (1)  is  broken  and  the  coefficient  S(H0)  Eq.  (6)  changes 
its  sign  from  positive  to  negative  at  Ha= 700  Oe.  Using  this 
assumption  we  determined  the  parameter  f)  in  Eqs.  (6)  and 
(7)  (/3=-0.65  for  YIG  film  where  Hc  =  ll50  Oe, 
4rrAf0  =  1760  Oe,  and  H,=- 84  Oe)  and  calculated  theoreti¬ 
cal  dependencies  of  auto-oscillation  frequency 
/0=<«osc(/.,D)/2ir  on  the  sample  length  D  (at  a  fixed 
H0= 300  Oe)  and  on  the  bias  field  H0  (at  two  fixed  lengths 
/J,  =0.8  mm  and  02= 2  mm)  from  Eqs.  (3)  and  (8).  The 
results  of  comparison  of  these  theoretical  calculations  with 
the  experimental  results  from  Figs.  1(c)  and  1(d)  are  pre¬ 
sented  in  Figs.  2(a)  and  2(b).  It  can  be  seen  that  in  films  our 
theoretical  model  demonstrates  qualitative  (and  in  the  modi- 
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FIG.  2.  Comparison  of  theoretical  and  experimental  results  for  frequency  of 
spin  wave  auto-oscillations  in  tangentially  magnetized  YIG  film  samples. 

fied  form  (8)  even  reasonable  quantitative)  agreement  with 
the  experimental  results  for  auto-oscillation  frequencies.  The 
calculations  done  for  the  auto-oscillation  threshold  using  Eq. 
(2)  demonstrate,  however,  only  limited  qualitative  agreement 
with  the  experiment  in  this  case. 
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Microwave  pumped  spin-wave  instabilities  in  YIG  spheres  were  one  of  the  first  experimental 
systems  used  to  demonstrate  that  chaos  can  be  suppressed  by  small  periodic  modulations  in  an 
accessible  system  parameter.  Here  we  show  that  the  equations  describing  two  interacting  spin-wave 
modes  account  satisfactorily  for  the  experimental  results,  as  long  as  the  field  modulation  is 
appropriately  introduced  in  the  model.  The  finite  detuning  parameters  expressing  the  boundary 
conditions  of  the  sample  provide  a  natural  way  for  introducing  the  field  modulation.  Thus  the 
present  results  constitute  additional  evidence  of  the  validity  of  the  two-mode  model  with 
momentum-nonconserving  driving  Hamiltonian  used  to  explain  the  sample  size  dependence  of  the 
self-oscillations. 


I.  INTRODUCTION 

Microwave  pumped  spin-wave  instabilities  in  YIG 
spheres  were  one  of  the  first  experimental  systems  used  to 
demonstrate'  that  chaos  can  be  suppressed  by  small  time- 
dependent  variations  in  an  accessible  system  parameter.  This 
method  of  controlling  chaos  is  based  on  the  fact  that  a  cha¬ 
otic  attractor  usually  has  embedded  within  it  an  infinite  num¬ 
ber  of  unstable  periodic  orbits.  As  shown  by  Ott,  Grebogi, 
and  Yorke2  (OGY)  it  is  possible  to  tailor  the  time  dependence 
of  a  relevant  parameter  so  as  to  stabilize  a  chosen  unstable 
orbit.  In  systems  with  relatively  slow  dynamics,  the  param¬ 
eter  variation  necessary  to  stabilize  the  orbit  can  be  deter¬ 
mined  at  each  cycle  according  to  the  prescription  of  OGY 
and  the  result  fedback  into  the  system.3,4  In  the  case  of  spin- 
wave  instabilities,  where  the  self-oscillation  frequencies  lie 
in  the  range  of  100  kHz- 10  MHz,  a  closed-loop  feedback 
experiment  is  difficult  to  implement.5  So  the  stabilization  of 
the  orbits  has  been  achieved1  with  a  periodic  modulation 
signal  provided  by  an  independent  oscillator.  In  general 
terms  the  parametric  perturbation  scheme  of  Lima  and 
Pettini6  accounts  for  the  observed  suppression  of  chaos,  how¬ 
ever  there  is  no  specific  model  for  the  spin-wave  case. 

In  this  paper  we  show  that  the  control  of  chaos  in  the 
spin-wave  experiments  can  be  explained  satisfactorily  by  the 
two-mode  m.idel  employed  to  describe  spin- wave  nonlinear 
dynamics.  The  field  modulation  used  in  experiments  to  con¬ 
trol  the  chaotic  state  is  naturally  introduced  in  the  model 
through  the  detuning  parameters  expressing  the  boundary 
conditions  which  have  been  shown  to  account  for  the  sample 
size  dependence  of  the  self-oscillations.7,8 

II.  EXPERIMENTS 

The  experiments  have  been  previously  described1  in  de¬ 
tail  and  we  only  present  here  some  of  their  main  features  and 
results.  They  were  carried  out  with  a  polished  sphere  (diam¬ 
eter  1.0  mm)  of  the  prototype  ferromagnet  yttrium  iron  gar¬ 
net  (YIG)  at  room  temperature  pumped  with  Y-band  radia¬ 
tion  in  the  “subsidiary-resonance”  configuration.  The 
experimental  arrangement  is  the  same  used  in  spin-wave 
pumping  experiments7,11  except  for  a  loop  placed  inside  the 
microwave  cavity  to  allow  the  modulation  of  the  sample  bi¬ 
asing  field  H=H0+  SH  cos(2n/„r)  over  a  broad  frequency 
range  0-10  MHz,  typically  with  SH/H0~  10~4. 


The  usual  experiment  to  study  spin-wave  phenomena  is 
done  with  fixed  values  of  H0  and  varying  microwave  power. 
At  low  power  levels  the  steady-state  reflection  from  the  criti¬ 
cally  coupled  cavity  is  negligible.  As  the  microwave  driving 
field  h  is  increased,  an  abrupt  change  in  reflection  occurs  at 
the  Suhl  threshold  hc ,  due  to  parametric  excitation  of  a  mag- 
non  pair  with  frequency  <u1=<i»p/2  and  wave  vector  k  and 
-k.  The  value  of  *  is  determined  by  the  frequency  mp ,  the 
field  H0,  and  the  condition  for  minimum  threshold,  which 
depends  on  the  pumping  configuration. 

The  suppression  of  chaos  has  been  observed  at  many 
points  of  the  kxfl0  diagram.  The  results  presented  here 
were  observed  after  the  system  has  been  driven  to  a  full 
chaotic  regime  with  A  =  1 . 1  Oe  and  H0=  1750  Oe,  with  the 
field  applied  in  the  [110]  crystal  direction.  Figure  1(a)  shows 
the  power  spectrum  of  a  chaotic  auto-oscillation  for  SH  =  0, 
displaying  a  characteristic  broadband  feature.  By  increasing 
SH,  the  spectrum  becomes  progressively  cleaner,  with  sharp 
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FIG.  1.  Power  spectra  of  observed  auto-oscillations  for  different  values  of 
the  amplitude  SH  of  the  field  modulation,  (a)  Chaos  for  oH= 0.  (b)  Chaos 
under  control  with  &H= 0.435  Oe  and  /„=1480  kHz  (Ref.  I). 
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FIG.  2.  Critical  modulation  amplitude  SH*  vs  modulation  frequency  fm 
The  boundaries  between  the  chaotic  and  controlled  regions  have  minima  at 
values  of  fm  commensurate  with  the  fundamental  frequency  /„  at  ratios 
indicated  at  the  top  (Ref.  1 1. 

lines  characteristic  of  a  periodic  signal.  Figure  1(b)  shows 
the  result  for  SH  =0.435  Oe  and  /„  =  1480  kHz.  The  spec¬ 
trum  in  this  case  corresponds  to  a  quasiptriodic  signal  with 
fundamental  frequencies  /0=740  kHz  and  /,  =  1975  kHz, 
and  a  subhaimonic  component  at  (J 2.  In  Fig.  2  we  show  the 
variation  of  the  critical  amplitude  SH *  necessary  to  control 
chaos  with  the  modulation  frequency  /„.  Notice  that  SH' 
has  minima  at  values  commensurate  with  the  fundamental 
frequency  /„,  i.e.,  /o//„  =  p/<7,  where  p  and  q  are  integers. 
In  addition,  for  the  fm  range  shown  in  Fig.  2,  the  minima  are 
strikingly  ordered  according  to  the  devil’s  staircase,  i.e.,  the 
values  between  plq  and  p'/q'  are  characterized  by  the  ratio 
(p+ p')l(q  +  q')-  The  suppression  of  chaos  in  the  shaded 
regions  of  Fig.  2  was  also  confirmed  by  the  behavior  of  the 
information  dimension  D,  and  the  metric  entropy  K  of  the 
attractor.  As  SH  increases  at  fixed  f„  and  crosses  the  bound¬ 
aries  in  the  SHxf„  diagram.  D{  and  K  approach  the  values 
1  and  0,  respectively,  characteristic  of  a  periodic  orbit.1 

III.  THEORETICAL  MODEL  AND  RESULTS 

The  usual  two-mode  model*"  11  for  describing  the  non¬ 
linear  dynamics  considers  that  the  interacting  spin-wave  sys¬ 
tem  is  driven  by  a  uniform  microwave  field  in  an  infinite 
medium,  so  that  the  driving  Hamiltonian  .&'( t )  preserves 
momentum.  However,  in  a  finite  medium,  can  be 

nonzero  for  pairs  k,-k'  for  which  k  and  k‘  differ  by  an 
amount  of  the  order  of  the  reciprocal  of  the  sample  size  L .  In 
this  case,  it  can  be  shown7  that  a  new  driving  term  is  intro¬ 
duced  in  the  spin-wave  equations,  having  magnitude  propor¬ 
tional  to  a  factor  aik  which  depends  on  the  wave-vector 
mismatch  Ak=k-k'.  For  instance,  for  two  neighboring 
standing  waves  along  x  with  Akx  =  ir/Lx,  aa*  attains  its 
maximum  value  2/77=0.64.  In  an  infinite  medium,  ait=0. 
With  this  new  momentum  nonconserving  driving  term,  the 
equations  of  motion  for  the  slowly  varying  spin-wave  vari¬ 
ables  ck  for  two  neighboring  modes  become7 

C\  =  -  ( y\  +  i’A«,)ci  -  ihpiicf  +  aetfi,2c\) 

—  |2(SjCjC*+.S|2C*C2+  27*J2C2C2  0) 
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FIG.  3.  Fourier  transform  of  mode  1  amplitude  without  tat  and  with  field 
modulation  (b)  SH-0.4  y,/y,  /„  =0.56  y,.  The  clean  spectrum  in  (b)  dem¬ 
onstrates  suppression  of  chaos  with  the  two-mode  model. 


c2  =  -(y2  +  iAco2)c2-iAp2(c2  +  ae  2c * ) 

-i2(S2cic2*  +  S12cJcl+2rI2c,crcj).  (2) 

where  Aa>k= <Dk-  w^2,am  a^k ,  0=/i,2  ls  the  phase  differ¬ 
ence  between  modes  1  and  2,  y*  is  the  relaxation  rate,  pk  the 
coupling  factor  between  mode  k  and  the  pumping  field  h, 
and  the  S,  and  T,  are  the  nonlinear  coupling  parameters.7 

The  presence  of  one  mode  in  the  pumping  term  of  the 
other  represents  a  modulation  with  the  frequency  difference 
Aa»=<u,  -to,  leading  to  self-oscillations  with  frequency  that 
depends  not  only  on  the  relaxation  rate  but  also  on  Aw.  For 
two  neighboring  modes  in  k  space.  Aw^tt/L.  which  ac¬ 
counts  for  the  observed  size  dependence  of  the  spin-wave 
self-oscillations.  When  a  small  ac  field  variation  is  superim¬ 
posed  to  the  static  field,  the  spin-wave  detuning  parameters 
become 

Awk  =  wk-~  +y SH  cos(2ir/„i).  (3) 

Equations  (1)  and  (2)  with  the  time -dependent  detunings 
(3)  constitute  our  model  to  explain  the  suppression  of  chaos. 
Those  equations  have  been  integrated  numerically  in  a  SUN 
Sparc  2  workstation  with  a  Runge-K utta  subroutine.  Chaotic 
dynamics  and  control  of  chaos  with  field  modulation  are  ob¬ 
served  with  many  sets  of  parameters.  The  results  described 
below  were  obtained  with12  yj  =  y2 ,  Pi  =fh.  Auij/y,  =0.2, 
Aa>j/y|  =  -0.5,  S,/y,=S2/y,=0.5,  512/yi  =  -0.2,  Tl2/y, 
=  -0.4,  0=0.65  and  /8  =  ir.  With  these  parameters,  auto¬ 
oscillations  with  frequency  /0=0.49y,  (with  no  field  modu¬ 
lation,  SH= 0)  develop  at  a  normalized  microwave  amplitude 
R=/ipl/yl  =  1.32  (the  Suhl  threshold  is  R  =  1.0)  and  chaos 
sets  in  at  R  =  1.808.  Figure  3(a)  shows  the  power  spectrum  of 
mode  1  amplitude,  «|  =  c*Ci,  for  R  =  1.83  and  SH=0, 
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FIG.  4.  Critical  amplitude  SH *  in  units  of  y,/y  vs  frequent  v  ;m  y,  obtained 
with  the  model  and  paramei  *«  described  in  the  text. 

characterizing  a  chaotic  state.  With  the  modulation  turned  on 
at  some  frequency  values,  if  SH  exceeds  a  critical  amplitude 
SH* .  chaos  is  suppressed  after  a  transient  time.  Figure  3(b) 
shows  the  power  spectrum  for  /m  =0.567!  and  SH  =0.4y,/y 
(y  is  the  gyromagnetic  ratio),  demonstrating  that  the  signal 
has  become  periodic  with  frequency  0.56  y, .  The  boundaries 
of  the  stability  regions  in  the  modulation-  mplitude 
X frequency  plane,  shown  in  Fig.  4,  displ.iy  tongues  like  the 
experimental  results  of  Fig.  2. 

The  results  shown  in  Figs.  3  and  4  were  obtained  by 
integrating  the  equations  of  motion  wiln  the  field  modulation 
on  for  a  length  of  time  on  the  order  of  200  cycles  of  the 
oscillation,  so  that  the  response  has  reached  steady  state.  Ac¬ 
tually,  the  stable  orbit  resulting  from  the  field  modulation  is 
preceded  by  a  chaotic  transient  in  which  orbits  similar  to 
those  of  uncontrolled  chaotic  attractor  dominate.2  The 
duration  r  of  such  chaotic  transient  depends  sensitively  on 
the  initial  conditions.  For  a  given  modulation,  we  calculate 
the  average  duration  <  n  for  256  randomly  chosen  initial  con¬ 
ditions.  For  /„=  0.56y,  this  average  time  is  found  to  scale 
with  the  modulation  amplitude  as  (t)~(SH- SH*)~ l', 
where  i^0.2«7  A  scaling  relation  of  this  type  was  predicted 
by  OGY,  though  v.  ith  a  different  value  for  the  critical  expo¬ 
nent. 


IV,  CONCLUSIONS 

The  experimental  observations  on  controlling  chaos  in 
spin-wave  instabilities  driven  by  microwave  radiation  in  YIG 
spheres,  by  means  of  a  small  periodic  variation  in  the  applied 
magnetic  field,  are  explained  by  a  two-mode  model.  The 
field  modulation  is  introduced  in  the  model  through  the  same 
detuning  parameters  used  to  explain  the  sample  size  depen¬ 
dence  of  the  self-oscillations.  Hence,  the  present  results  pro¬ 
vide  additional  evidence  of  the  validity  of  the  two-mode 
model  with  momentum -nonconserving  driving  Hamiltonian 
for  describing  spin-wave  dynamics. 
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A a>t .  The  only  consequence  is  that  the  threshold  increases  with  &u>t .  The 
reason  for  the  choice  of  our  values  is  that,  in  general,  the  value  of  iop;2 
will  not  coincide  with  the  mean  v«iue  of  the  frequencies  of  the  two  modes 
Since  the  sum  of  the  two  detunings  is  smaller  than  the  relaxation  rate  y. 
there  is  no  violation  of  energy  conservation.  The  best  proof  of  this  is  the 
very  fact  that  the  two  modes  we  choose  are  indeed  pumped  and  produce 
chaotic  dynamics. 
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Spin-wave  chaotic  transients 
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We  report  the  observation  of  transient  chaotic  spin- wave  auto-osciilations  in  Y-band  pulsed 
subsidiary-resonance  experiments  in  a  YIG  sphere.  Chaotic  transients  to  a  periodic  attractor  have 
been  observed  near  a  critical  microwave  power  pc— 10  dB  relative  to  the  Suhl  instability  threshold. 
By  an  averaging  of  100  randomly  chosen  initial  conditions  at  each  power,  we  estimate  a  critical 
exponent  y  ~  0.57.  In  addition,  we  demonstrate  that  the  results  can  be  qualitatively  understood 
within  the  framework  of  the  standard  two-mode  model.  Numerical  simulations  yield,  for  a  particular 
set  of  parameters,  chaotic  transients  obeying  the  predicted  scaling  law  with  a  critical  exponent 
y  —  0.54. 


I.  INTRODUCTION 

The  transition  to  sustained  chaotic  behavior  via  chaotic 
transients  was  discovered  by  Yorke  and  Yorke  in  the  Lorenz 
model  in  the  late  1970s.1  Several  years  later,  Grebogi,  On, 
and  Yorke2  identified  transient  chaos  as  a  particular  manifes¬ 
tation  of  a  rather  general  phenomenon  that  occurs  in  dissipa¬ 
tive  dynamical  systems,  the  so-called  crisis.  Three  types  of 
crisis  have  been  characterized,2  namely,  attractor  destruction, 
attractor  merging,  and  attractor  widening.  A  chaotic  attractor 
is  destroyed  when,  as  a  system  parameter  p  reaches  a  critical 
value  pc ,  it  collides  with  the  stable  manifold  of  an  unstable 
periodic  orbit.  The  characteristic  behavior  in  this  case  is  the 
existence  of  chaotic  transients  suddenly  followed  by  periodic 
orbits.  The  duration  of  a  chaotic  transient  depends  sensitively 
on  the  initial  conditions  and  can  be  remarkably  long.  The 
average  lifetime  depends  upon  the  system  control  parameter 
as  (T)-~\p -pc\-\  where  y  is  the  critical  exponent  of  the 
chaotic  transient. 

Finite-time  chaotic  behavior  has  been  observed  in  a 
number  of  physical  systems.3  However,  only  a  few  experi¬ 
ments  have  been  analyzed  in  detail.  As  far  as  spin  waves  are 
concerned,  the  only  results  available  on  such  transients  were 
obtained  by  Carroll,  Pecora  and  Rachford4  a  few  years  ago, 
in  subsidiary-resonance  experiments  in  a  YIG  sphere.  At 
driving  frequencies  between  2.0  and  3.4  GHz,  their  experi¬ 
mental  findings  suggested  the  existence  of  “multiple  attrac¬ 
tors,”  while  numerical  simulations  suggested  the  need  of 
more  than  three  interacting  spin-wave  modes  to  explain  the 
long-lived  transients  they  had  observed  in  the  experiments. 

In  this  paper  we  report  on  transient  chaos  in  YIG  spheres 
at  higher  driving  frequencies  (8.0-10.0  GHz)  at  room  tem¬ 
perature.  Pulsed  experiments  have  revealed  the  existence  of 
long-lived  chaotic  transients  involving  “single  attractors”  in 
the  spin-wave  auto-oscillations  (~1  MHz),  9-10  dB  beyond 
the  Suhl  instability  threshold.  In  addition,  we  present  nu¬ 
merical  results  of  a  two-spin-wave-mode  calculation  in  good 
qualitative  agreement  with  the  experiments.  By  an  averaging 
of  N  randomly  chosen  initial  conditions  at  each  power,  we 
estimate  a  critical  exponent  in  the  range  0.5 <y  <0.6  both  in 
the  experiments  (N  =  100)  and  in  the  numerical  simulations 
(hf =400). 


II.  EXPERIMENTAL  RESULTS 

Our  experiments  were  carried  out  with  single-crystal 
samples  of  yttrium  iron  garnet  (YIG)  at  room  temperature. 
Here  we  present  results  in  a  1-mm  YIG  sphere,  which  is 
placed  at  the  center  of  a  critically  coupled  rectangular  TE10: 
microwave  cavity  (0  —  2000).  An  electromagnet  provides 
the  static  magnetic  field  H„  perpendicular  to  the  microwave 
magnetic  field  h,  in  the  subsidiary  resonance  region.  The 
power  is  provided  by  a  10-W  traveling-wave-tube  (TWT) 
amplifier  fed  by  a  solid-state  tunable  YIG  oscillator.  The  fre¬ 
quency  {fp= 8.9  GHz)  is  stabilized  by  an  external  crystal 
oscillator  and  manually  adjusted  to  the  center  of  the  cavity 
resonance.  The  radiation  power  is  controlled  with  a  variable 
precision  attenuator  and  directed  by  a  circulator  to  the  cavity, 
where  it  drives  spin  waves  in  the  sample.  The  reflected  mi¬ 
crowave  signal  is  then  detected  with  a  sensitive  Schottky- 
barrier  diode  at  the  output  port  of  the  circulator  and  recorded 
at  intervals  of  0.1  ps  using  a  commercial  digitizer.  In  order 
to  study  the  transient  response,  the  microwave  is  pulsed  by  a 
p-i-n  modulator  placed  before  the  TWT  amplifier.  Pulses  up 
to  800  /is  long  were  comfortably  used  with  no  detectable 
heating  effects.  The  results  presented  here  were  observed  at  a 
fixed  magnetic  field  H0=  1830  Oe,  parallel  to  the  [100]  crys¬ 
tal  axis.  At  low-power  levels  the  pulse  reflected  from  the 
cavity  has  essentially  the  same  shape  as  the  incoming  micro- 
wave  pulse.  As  the  power  is  increased,  abrupt  changes  in  the 
pulse  shape  occur  due  to  spin-wave  instabilities  at  subse¬ 
quent  thresholds,  namely,  the  Suhl  instability  threshold 
(SIT),  hc ,  the  spin-wave  auto-oscillation  threshold,  h'c ,  and  a 
sequence  of  bifurcations  that  lead  to  spin-wave  chaos.5 
Henceforth  we  will  consider  R=h/hc  as  our  control  param¬ 
eter.  Well  above  the  SIT  (R  =  1 ),  we  have  observed  the  de¬ 
struction  of  the  strange  attractor  due  to  the  collision  between 
the  chaotic  attractor  and  a  coexisting  unstable  periodic  orbit. 
This  collision  occurs  at  the  critical  value  Rc= 2.88.  For 
R>RC  we  observe  an  intern.-  rent  signal  with  laminar  (peri¬ 
odic)  regions  interrupted  by  chaotic  bursts.  For 
2.82 <R<RC,  the  steady-state  response  is  periodic  after  a 
chaotic  transient  whose  duration  swings  intermittently,  as  we 
observe  on  the  screen  of  an  oscilloscope.  Figure  1  shows  a 
frozen  digitized  version  of  a  chaotic  transient  with  duration 
T— 618  ps,  with  R  =  2.84.  The  measured  average  duration 
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FIG.  1.  Detected  microwave  absorption  vs  time  in  a  YIG  sphere  at  subsid¬ 
iary  resonance  with  tf0=1830  Oe,  /?=2.84.  and  fp= 8.9  GHz. 


as  a  function  of  the  control  parameter  is  shown  in  the  log-log 
plot  of  Fig.  2  (solid  circles).  From  a  linear  regression  (solid 
line)  we  estimate  a  critical  exponent  y=0.57. 


III.  NUMERICAL  SIMULATIONS  AND  DISCUSf’ON 

The  efforts  in  modeling  the  instabilities  observed  in 
high-power  ferromagnetic  resonance  experiments  are  based 
on  a  theory  introduced  by  Suhl6  in  the  mid  1950s,  and  have 
been  phrased  in  terms  of  the  excitation  and  the  nonlinear 
interaction  of  spin  waves  in  the  sample.  The  number  and  the 
nature  of  the  excited  modes  are  essentially  the  hitherto  un¬ 
solved  problems  in  this  longstanding  subject.  We  have  re¬ 
cently  provided  experimental  results  that  strongly  support  the 
two-mode  model  (TMM),6  at  least  for  the  interval 
hc<h<h'c.  In  this  section  we  present  numerical  results  with 
the  TMM  in  good  qualitative  agreement  with  the  transient 
experiments  described  above.  The  particular  set  of  param¬ 
eters  are  the  same  we  have  originally  used  to  explain  the 
unusual  spectra  observed  in  parallel-pumping  experiments.7 
In  this  case,  the  model  gives  higher  values  for  the  auto¬ 
oscillation  frequency  and  threshold,  but  shares  interesting 
qualitative  features  with  the  experiments.  We  refer  to  Ref.  5 
for  a  detailed  description  on  the  microscopic  approach  with 
the  TMM.  Figure  3(a)  shows  a  chaotic  transient  in  the  phase 
plane  n i  vs  n2,  where  n,  and  n2  are  the  populations  of  the 


FIG.  3.  Phase  plane  n,  vs  n,  showing  numerical  solutions  of  ihe  two-mode 
model,  as  described  in  Ref.  7.  with  R  =8.11)0005 0b:  (a I  transient  strange 
attractor  for  0<  y,r<88.0  and  (b)  period-3  limit  cycle  for  toil'  y,t  <  Visit! 


two  excited  spin-wave  modes,  for  R= 8. 100  005  06.  We  have 
chosen  an  initial  condition  inside  the  strange  attractor  for 
which  the  solutions  are  attracted  during  a  time  interval 
y, 7'-~87.7,  where  y,  is  the  phenomenological  relaxation 
rate  of  mode  1 .  The  steady-state  solution  is  the  period-3  at¬ 
tractor  shown  in  Fig.  3(b)  for  90.0<y,/<  3000.0.  This  sce¬ 
nario  is  quite  similar  to  the  experiments:  By  decreasing  R,  an 
intermittent  (chaos<->period-3)  solution  is  destroyed  at  the 
critical  value  Rr=8.)00  055- below  which  there  is  a  sharp 
period-3  window.  Within  this  window  the  chaotic  bursis  no 
longer  exist  and  the  steady-state  solution  is  reached  after  a 
chaotic  transient,  whose  duration  is  very  sensitive  to  the  ini¬ 
tial  conditions.  By  an  averaging  of  400  randomly  chosen 
initial  conditions  within  a  small  volume  on  the  strange  attrac¬ 
tor  at  each  value  of  the  control  parameter,  we  have  obtained 
the  results  shown  in  Fig.  4  (solid  circles).  The  straight  line  is 
a  fit  from  which  we  estimate  a  critical  exponent  y=0.54. 
One  might  guess  at  first  that  we  are,  in  both  experiment  and 
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FIG.  2.  Measured  average  duration  of  chaotic  transients  as  a  function  of  the 
control  parameter.  The  straight  line  is  a  fit  with  a  slope  y=  -0.57. 
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FIG.  4.  Calculated  average  duration  of  chaotic  transients  as  a  function  of  the 
control  parameter.  The  straight  line  is  a  fit  with  a  slope  y=  -0.54.1. 
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simulation,  close  to  a  situation  where  the  system  could  be 
described  by  a  one-dimensional  map  with  a  quadratic  extre¬ 
mum,  since  in  this  case  y  has  the  universal  value  0.5.  How¬ 
ever,  we  stress  that  preliminary  studies  with  return  maps  do 
not  point  in  this  direction  and  further  investigations  are  under 
way. 
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Experimental  study  of  the  spin-wave  resonance  (SWR)  spectrum  of  a  nonuniform  yttrium  iron 
garnet  (YIG)  film  has  revealed  an  existence  of  sharp  disturbances  inside  the  spectrum.  The 
experiments  were  carried  out  at  frequency  range  4-12  GHz.  The  observation  has  been  attributed  to 
excitation  of  acoustic  waves.  The  interpretation  follows  from  the  facts  that  (1)  nonuniformity  of 
magnetic  parameters  across  the  thickness  of  the  tested  film  results  in  effective  excitation  of  spin 
waves;  and  (2)  coincidence  of  phase  velocities  of  the  spin  waves  and  the  transverse  acoustic  waves 
leads  to  partial  power,  transforming  from  the  magnetic  into  the  elastic  system. 


It  is  well  known  that  the  magnetoelastic  interaction  can 
be  used  for  the  generation  of  acoustic  waves  (AW)  in  solids 
at  microwave  frequencies.  The  interaction  is  the  most 
strongly  pronounced  when  phase  velocities  of  spin  waves 
(SW)  and  acoustic  wives  (AW)  are  coincident.  At  the  point 
of  synchronism,  where  the  phase  velocities  and  hence  the 
wave  lengths  of  SW  and  AW  are  equal,  an  effective  transfor¬ 
mation  of  magnetic  oscillations  energy  into  the  elastic  sys¬ 
tem  can  occur.  Since  both  the  spin  waves  and  the  acoustic 
waves  in  the  yttrium  iron  garnets  (YfG)  have  rather  small 
losses,  this  material  is  very  attractive  for  realization  of  the 
mentioned  way  of  AW  generation.  Since  the  AWs  have  a 
small  wavelength  at  microwave  frequencies,  it  is  necessary 
to  excite  very  short  spin  waves  in  order  to  obtain  an  effective 
magnetoelastic  coupling.  This  itself  is  a  rather  complicated 
problem  because  of  the  weak  coupling  between  the  short  SW 
and  electromagnetic  wave.  At  microwave  frequencies  up  to  4 
GHz  the  observation  of  magnetoelastic  interaction  has  been 
reported  in  Refs.  1-7,  where  the  propagation  of  magneto¬ 
static  waves  (MSW)  in  YIG  films  was  studied.  MSW  propa¬ 
gated  in  the  plane  of  the  film  and  only  in-plane  components 
of  MSW  and  AW  coincided.  It  was  found4,5,8  that  better  cou¬ 
pling  at  frequencies  above  2.5  GHz  arose  when  spins  at  the 
surfaces  were  pinned,  which  resulted  in  excitation  of  spin 
wave  resonance  (SWR)  modes. 

Another  way  that  was  proposed  for  the  excitation  of  the 
AW  is  to  use  spatially  nonuniform  media  for  the  generation 
of  the  short  spin  waves  and  further  acoustic  waves.9,10  In 
experiments,11-13  an  inhomogeneity  arose  due  to  demagneti¬ 
zation  fields  existing  at  the  end  of  the  longitudinal  magne¬ 
tized  rod,  and  led  to  a  gradual  decrease  in  the  SW  wave 
number  q  from  q~ 0,  giving  coupling  with  electromagnetic 
waves,  up  to  q—104  cm-1  that  was  large  enough  to  excite 
acoustic  waves  at  frequency  of  500  MHz. 

The  aim  of  the  present  paper  is  to  show  that  experiments 
on  SWR  in  nonuniform  YIG  films  demonstrate  excitation  of 
acoustic  waves  at  frequencies  3-12  GHz.  Moreover,  there 
are  possibilities  for  further  increasing  the  operating  fre¬ 
quency. 

We  studied  experimentally  the  microwave  absorption 
spectra  of  the  yttrium  iron  garnet  (YIG)  film  magnetized  nor¬ 
mal  to  its  plane.  The  film  of  thickness  L=  15  ptm  was  epi¬ 
taxially  grown  on  a  gadolinium  gallium  garnet  (GGG)  sub¬ 


strate  with  the  (111)  orientation.  Figure  1(a)  shows  a  plot  of 
microwave  power  P  absorbed  by  the  film  as  the  strength  of 
the  external  magnetic  field  H  was  varied,  and  the  driving 
frequency  to  was  fixed.  It  can  be  seen  that  the  experimental 
spectra  exhibits  a  large  number  of  strongly  excited  modes. 
Since  the  mode  spacing  does  not  fit  a  quadratic  law  expected 
for  a  uniform  film,14  one  can  assume  that  the  film  has  a 
variation  of  magnetic  parameters  through  the  film  thickness. 
Our  experiments15  have  verified  that  assumption.  We  shall 
now  highlight  that  there  are  two  different  regions  in  the  de¬ 
pendence  P(H).  The  regions  are  separated  by  an  attenuation 
band  shown  by  arrows,  where  oscillations  of  the  absorbed 
power  are  weakened.  The  absorption  notches  look  rather 
regular  on  the  right  side  of  the  arrows,  whereas  there  are 
disturbances  of  the  absorption  spectrum  on  the  left  side.  We 
will  show  that  both  the  disturbances  observed  and  the  exist¬ 
ence  of  the  attenuation  band  are  caused  by  the  magnetoelas¬ 
tic  interaction,  and  indicate  the  excitation  of  the  acoustic 
waves. 

At  first,  we  note  that  the  relative  position  of  the  attenu¬ 
ation  band  inside  the  SWR  spectrum  depends  on  frequency. 
The  two  spectra  in  Fig.  1  have  been  measured  at  different 
frequencies,  and  hence  at  different  magnetic  fields.  The  mag¬ 
netic  field  corresponding  to  the  right-hand  boundary  of  the 


FIG.  I.  Absorbed  power  versus  the  magnetic  field,  (a)  aV2rr=7854  MHz, 
H0=4 814  Oe;  (b)  tol2m=  10  300  MHz,  H,= 5587  Oe. 
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absorption  zone  is  designated  as  H0.  Denote  the  spacing 
between  the  pointer  and  H0  by  Aff .  Contrast  the  spectrum  in 
Fig.  1(a)  with  that  in  Fig.  1(b)  One  can  see  that  A H  grows 
as  the  frequency  increases. 

Consider  a  magnetic  film  of  thickness  L  placed  in  the 
bias  magnetic  field  H,  so  that  H  is  directed  along  the  x  axis 
perpendicular  to  the  plane  of  the  film.  We  introduce  an  ef¬ 
fective  magnetization  Af  that  will  be  defined  as 
4ttM(x)  =  4itMs(x)-Ha(x),  where  M,(x)  is  the  saturation 
magnetization  and  HA(x)  is  the  uniaxial  anisotropy  field. 
Suppose  that  Af  varies  along  the  film  thickness  but  other 
parameters  of  the  film  are  constants.  Denote  the  maximum 
value  of  Af  (x)  by  W max  and  the  minimum  value  by  Af  min  • 
An  effective  wave  number  q(x)  of  the  spin  wave  propagat¬ 
ing  in  the  x  direction  depends  on  x,  and  can  be  found  from 
the  spin  wave  dispersion  formula, 

w/y=H-4nM(x)+Dq(x)2,  (1) 

where  y  is  the  gyromagnetic  ratio  and  D  is  the  exchange 
constant  (5.6X10*9  Oecm2).  The  condition  for  the  effective 
excitation  of  the  SW  is  the  existence  of  a  layer  inside  the  film 
where  q(x)~0,  and  conversion  from  the  electromagnetic 
waves  into  the  spin  waves  takes  place.  It  can  be  seen  from 
Eq.  (1)  that  this  condition  will  be  satisfied  inside  the  mag¬ 
netic  field  band, 

f/,</f</f2, 

//,  =  <n/y+4irMMiN.  (2) 

Hy-oi/  y+  4rrAf  MAX 

Note  that  the  bandwidth  is  independent  of  frequency  <d,  since 
H2-Hl=4ir  AAf,  where  4ir  A Af  is  the  maximum  varia¬ 
tion  of  the  effective  magnetization:  4  it  AAf  =  4rrAfMAX 
-4TrAfMIN. 

Strong  coupling  between  spin  waves  and  acoustic  waves 
can  be  the  case  in  the  layer  in  which  the  wave  numbers  of 
those  waves  coincide.  The  wave  number  of  the  AW  qAW  is 
equal  to  <u/V,  where  V  is  the  acoustic  wave  velocity.  Then 
we  obtain  from  Eq.  (1)  a  condition  for  the  existence  of  such 
a  layer, 

H,-D(<o/V)2<H<H2-D(wIV)2.  (3) 

Thus,  the  spin  waves  can  be  excited  over  a  band  defined  by 
condition  (2),  but  the  region  of  coupling  with  AW  [condition 
(3)]  is  shifted  by 

SH=D(i o/V)2.  (4) 

If  8H>4ir  AAf,  these  bands  will  be  separated.  Hence,  it 

follows  that  the  maximum  frequency  of  the  acoustic  wave 
that  can  be  excited  by  this  way  is  equal  to 

Uir  AAf 

\ - p - •  (5) 


fraquanoy  (GHz) 


FIG.  2.  Experimental  points  A H(w)  and  calculated  dependence  SH(w). 


V=  3.85  X 105  cm/s.  Since  this  is  the  velocity  of  transverse 
acoustic  waves,  this  is  evidence  that  just  this  type  of  acoustic 
wave  is  generated  under  the  experimental  conditions. 

We  can  assume  that  the  attenuation  band  emerges  if  con¬ 
ditions  for  the  most  effective  coupling  between  SW  and  AW 
arise.  Such  can  be  the  case  if  the  waves  are  coupled  inside  a 
spatially  wide  layer.  To  check  this  hypothesis  we  shall  find 
the  variation  of  q(x)  for  the  tested  film.  Figure  3  shows  a 
profile  of  effective  magnetization  across  the  thickness  of  the 
film  under  investigation.  The  profile  has  been  obtained  using 
the  procedure  reported  in  Ref.  15.  One  can  see  that  Af(x) 
varies  monotonically  and  AfMAx=Af(0).  The  experimental 
points  are  in  a  good  agreement  with  a  parabolic  dependence 
4irAf(x)  =  4rrAf(0)-4ir  AAf  (x/L)2,  where  4rr  AAf 
=  198  G.  We  can  calculate  from  Eq.  (1)  that  if  Af  (x)  varies 
parabolically,  the  dependence  q(x)  is  given  by  an  ellipse 
equation. 


L2  SH* 
4ir  AAf  ’ 


(6) 


SH*  =  to!  y— /f + 4wAf  (0). 


<  <fm) 


On  the  other  hand,  the  value  of  SH  represents  the  width  of 
part  of  the  SWR  spectrum  where  no  strong  coupling  between 
SW  and  AW  can  be  expected.  Compare  the  calculated  depen¬ 
dence  A H(ai)  with  experimental  values  of  A H  that  represent 
the  width  of  the  regular  part  of  the  absorption  spectrum.  We 
have  found  that  good  agreement  can  be  obtained  (Fig.  2)  if 


FIG.  3.  Profile  of  the  effective  magnetization  and  the  variation  of  the  wave 
number  across  the  thickness  of  the  film.  Points:  the  experimental  data  of 
4vM(x)-4vM(L);  (1)  profile  of  magnetization  4wW(x)  =  4irW(0) 
-4ir  AW  •(. xfL )2  at  4ir  A M  =  198  G;  (2)— (4)  wave  number  of  spin  wave 
at  (2)~SH9<SH  (SH9  =  25  Oe);  (3)  SH9  =  SH  (<SW*  =  50  Oc);  (4) 
SH*  >  SH  (SH9  =  100  Oe);  and  (5)  wave  number  of  acoustic  wave  at  «^2w 
=6400  MHz. 
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When  H  decreases,  the  value  of  SH'  grows,  thus  the  dimen¬ 
sions  of  the  ellipse  also  grow  (Fig.  3).  From  Eqs.  (1),  (4),  and 
(6)  we  obtain  that  the  point  of  synchronism  appears  first  at 
x  =  0  if  8H,  =  8H.  When  8H<8H,<SH+4ir  SM.  the 
point  of  synchronism  also  exists,  but  the  most  effective  cou¬ 
pling  between  SW  and  AW  is  to  be  expected  at  8H'=*SH, 
since  then  the  equality  9=<Jaw  >s  fulfilled  in  a  spatially  wide 
layer.  The  value  of  8H  represents  the  spacing  between  the 
right-hand  edge  of  the  SWR  spectrum  and  the  boundary  of 
the  coupling  region.  That  is  why  we  observe  the  attenuation 
band  just  near  this  boundary.  A  constant  shift  of  the  experi¬ 
mental  data  toward  the  bigger  values  of  AW  in  Fig.  2  can  be 
explained  by  the  real  profile  deviation  from  the  parabolic 
dependence  used  in  our  model. 

It  is  worth  noting  that  the  absorption  spectrum  pattern 
depends  strongly  on  the  operating  frequency  everywhere 
over  the  disturbance  region.  The  spectrum  pattern  varies  pe¬ 
riodically  as  to  changes.  The  period  equals  to  approximately 
3.5  MHz,  which  corresponds  to  the  spacing  between  acoustic 
modes  of  the  film-substrate  structure.  That  shows  the  acous¬ 
tic  wave  excited  within  the  YIG  film  propagates  into  the 
substrate. 

Thus,  experimental  results  show  that  the  use  of  nonuni¬ 
form  magnetic  films,  having  the  magnitude  of  variation 
4n-  A3/=200  G,  offers  the  possibility  for  effective  excita¬ 
tion  of  acoustic  waves  at  frequencies  as  high  as  12  GHz.  The 


frequency  range  of  excitation  can  be  expanded,  since  films 
with  a  larger  value  of  4  rr  AAf  exist.15  In  this  respect 
the  described  way  of  AW  generation  appears  to  be  very 
promising. 
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Nonlinear  statics  and  dynamics  of  highly  anisotropic  magnets 

V.  S.  Ostrovskii*1 

Institute  of  Pkysics,  Ukrainian  Academy  of  Sciences,  Kiev,  Ukraine 

II  is  shown  that  an  adequate  description  of  static  and  dynamic  properties  of  highly  anisotropic 
magnets  in  circumstances,  where  the  violation  of  their  initial  symmetry  induced  by  external  fields 
or  dynamic  perturbations  is  not  small,  can  be  achieved  by  making  use  of  the  generalized  coherent 
states.  A  complete  set  of  equations  governing  coupled  dipole  and  quadrupole  degrees  of  freedom  is 
presented  for  a  system  of  spins  5=1.  The  solutions  obtained  for  uni-  and  biaxial  femxnagnets  and 
antiferro magnets  make  it  apparent  that  the  strong  anisotropy  qualitatively  affects  the  behavior  of 
such  systems  in  external  magnetic  fields;  in  particular,  it  can  change  the  nature  of  phase  transition 
and  give  rise  to  the  new  ones.  The  complete  set  of  equations  makes  it  possible  to  derive  solutions, 
corresponding  to  crucially  new  nonlinear  objects  such  as  domain  walls,  vortices,  etc.  whose 
treatment  cannot  be  approached  from  the  classical  theory. 


I.  INTRODUCTION 

As  early  as  in  the  1960s  and  1970s,  Moriya  and  Lines 
brought  forth  the  problem  of  an  appropriate  description  of 
the  magnets  exhibiting  the  single-ion  anisotropy  (SLA)  and 
biquadratic  exchange,  comparable  with  the  bilinear  one. 
They  elucidated  the  fundamental  importance  of  the  competi¬ 
tion  between  the  "transversal”  SLA  and  exchange  field  that 
resulted  in  a  quantum  mechanical  reduction  of  the  average 
spin  A{5)~(SIA/EX)2.  On  the  other  hand,  in  specifying  a 
spin  configuration  in  a  strong  magnetic  field  which  breaks 
the  initial  high  symmetry  of  the  system,  one  usually  reduces 
this  problem  to  determination  of  the  spin  orientations  assum¬ 
ing  |(S)|=const  and  thus  starting  from  the  quasiclassical  ap¬ 
proximation.  Nonlinear  phenomena  (domain  walls,  solitons, 
and  highly  excited  states)  occurring  in  magnets  are  consid¬ 
ered  in  much  the  same  way.  Here,  theoretical  studies  usually 
start  from  equations  of  the  Landau-Lifshits  type  (LLE) 
which  apply,  strictly  speaking,  only  to  small  S1A. 

Nevertheless,  the  LLE  framework  can  be  extended  to  the 
case  of  arbitrary  values  of  spins  without  any  limitations  on 
the  strength  of  allowed  interactions.  With  this  aim  in  view,  it 
is  important  to  point  out  that  the  parameters  specifying  the 
orientations  of  the  local  magnetization  refer  to  a  coherent 
state  of  the  SU(2)  group,  which  represents  the  dynamical 
symmetry  group  for  the  spin  5=1/2  or  the  classical  spin 
5— k».'  In  the  general  case  of  the  spin  5>l/2,  a  physical 
state  can  be  described  in  -srms  of  a  generalized  coherent 
state  of  the  group  (iiy„-SU(2S  +  1),  with  the  dynamics  be¬ 
ing  interpreted  as  the  motion  of  a  4S(S  +  l)-dimensional 
vector  on  the  orbit  SU(2S  +  1  )/H  in  the  space  of  a  complete 
set  of  the  generators  of  the  Slf(2S+  1)  algebra;  e.g.,  such  a 
state  can  be  given  by  a  set  of  the  tensors  Okq  (k,q 
=  1,...,25)  or  by  that  of  the  Hubbard  opc.utors  x„m  ( n,m 
=  1,...,S).  The  stationary  subgroup  H  determines  all  kine¬ 
matic  properties  of  the  system.  For  the  particular  case  of  a 
pure  state,  we  get  H =SU(2S)  X  L/(  1 )  and  the  motion  takes 
place  in  the  45 -dimensional  subspace  CP25,  i.e.,  it  is  a  local 
motion  on  the  sphere  545.2  Thus,  the  description  of  the  dy¬ 
namics  in  terms  of  the  (45  parametric)  generalized  coherent 
states  enables  one  to  allow  automatically  for  452  integrals  of 
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motion  and  to  remove  the  troubles  associated  with  the  intro¬ 
duction  and  account  of  the  so-called  “kinematic  interac¬ 
tions.  ”  From  the  above  discussion  it  follows  that  the  magne¬ 
tization  vector  is  just  a  component  of  the  45(5+1)- 
dimensiona)  vector  of  the  “generalized  spin”  (the 
“coherence  vector”)3  on  the  three-dimensional  subspace, 
thus  the  magnetization  alone  cannot  provide  an  adequate  de¬ 
scription  of  the  spin  system.  It  can  be  shown,  however,  that  a 
consistent  quantum  mechanical  approach  to  the  case,  when 
the  perturbarion  theory  with  respect  to  the  small  parameter 
(S1A/EX)  does  apply,  results  in  the  LLE -set  obtained  as  the 
first  approximation. 


II.  EQUATIONS  OF  MOTION  FOR  THE  CASE  S  =  1 

For  a  system  of  spins  5=  I ,  we  can  parametrize  a  gen¬ 
eralized  coherent  state  of  the  S  1/(3)  group  in  such  a  way  that 
its  physical  meaning  becomes  manifestly  evident,  and  the 
equations  of  motion  can  be  presented  in  a  form  very  close  to 
that  of  the  well-known  LLE  set.  In  so  doing  we  take,  as  two 
of  the  four  independent  parameters,  two  Euler  angles  0,  if 
which  specify  the  magnetization  direction.  For  classical 
spins,  the  other  two  independent  parameters  have  no  physical 
sense  because  the  third  parameter  is  nothing  but  the  third 
Euler  angle  y,  which  specifies  the  rotation  of  the  principal 
axes  of  the  quadrupolar  tensor  Q,’~l/2(S'S'+SiS‘)  about 
the  magnetization,  and  the  fourth  parameter  q  =  (Qxx -Q" ) 
is  the  value  of  the  transversal  component  of  this  tensor  or  the 
magnetization  magnitude  s  =  [(l  -q2))1'2. 

In  the  reference  frame  given  by  these  angles,  the  dynam¬ 
ics  is  described  by  the  following  nonlinear  system: 


s  —  2qAxy  —  0, 

(1) 

<j>*  +  ii2—  (sl2q)(A"—Ayy)  =  0, 

(2) 

<j»’+V’  +  (s/l-g)A>’2  =  0. 

(3) 

<tP+h2  +  (s/l  +q)A22=0, 

(4) 

where  <P“  are  components  of  the  angular  velocity,  and  h", 
A  are  the  effective  magnetic  and  quadrupole  fields  which 
comprise,  apart  from  the  usual  inhomogeneous  terms,  such 
contributions  as  e*,,(1(V<J>'‘)(Vs),  5„As,  etc. 
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In  the  cases  when  the  pairs  of  the  variables  (d,<p)  and 
( y,s)  can  be  separated,  Eqs.  (1)  and  (2)  describe  a  wave  of 
the  coupled  oscillations  of  the  magnetization  magnitude  and 
axes  of  the  quadrupolar  tensor;  by  linearizing  these  equations 
we  arrive  at  the  dispersion  of  the  longitudinal  (AS'= 2) 
magnons,  whereas  from  Eqs.  (3)  and  (4)  we  can  arrive  at  the 
ordinary  “transversal”  magnons,  e.g.,  see  Fig.  1(b).  In  the 
A aP<hz  limit,  the  pair  (3)  and  (4)  transforms  into  LLE. 

IK.  THE  EQUILIBRIUM  STATE  IN  STRONG  MAGNETIC 
FIELDS 

In  the  static  limit  ( d/dt=0 ),  Eqs.  (l)-(4)  determine  the 
selfconsistent  equilibrium  state  of  the  system.  The  fact  that 
the  value  of  q  is  an  independent  variable  reflects  the  exist¬ 
ence  of  nonlinear  coupling  of  the  dipole  and  quadrupole  de¬ 
grees  of  freedom  which  affects  drastically  the  behavior  of  a 
magnet  in  external  magnetic  fields.  Consider  two  examples 
to  illustrate  this  statement. 

A.  Biaxial  antffarromagnat  (AFM)  In  a  longitudinal 
fMd 

The  classical  solution  for  the  AFM  governed  by  the 
Hamiltonian 

.*■=-2  [w,s:.+Afl" +*<«*.■ -«:>] 

na 

+  2  K lm2^n | Sm2  (5) 

nm 

(sublattices  a=  1,  2,  A>B)  is  well  known:  if  ( A-B)<1 , 
where  I  -  ZmIoamp ,  etc.,  a  spin-flop  transition  takes  place,  in 
the  opposite  case,  for  a  field  H,~l  we  should  observe  a 
metamagnetic  transition  from  the  state  s*=  -s|- 1  into  that 
with  Si  =  s|=  1.  The  suggested  approach  invites  solution  of 
the  set  of  two  equations  of  the  form  (2)  for  a=l  and  2. 
Fortunately,  these  equations  can  be  solved  exactly,  and  the 
calculated  functions  sli2(W;)  are  shown  in  Fig.  1(a).  Such 
behavior  may  manifest  itself  in  the  experimental  observation 
of  resonance  frequencies  and  optical  spectra,4  Figs.  1(b)  and 
1(c). 

B.  Easy-plane  ferromagnet  In  longitudinal  field 

Figure  2(a)  presents  the  phase  diagram  for  a  FM  de¬ 
scribed  by 

•*■=2  i-Hfc+AQ”) 

n 

2  (6) 

nm 

where  J>0;  the  solid  and  dashed  curves  correspond  to  the 
phase  transitions  of  the  first  and  second  kind,  respectively, 
between  easy-axis  (EA),  easy-plane  (EP),  and  singlet-magnet 
(SM)  phases.  The  classical  EA-EP  boundary  is  shown  by  a 
dash-dotted  line.  The  states  with  nonzero  magnetization 
s  =  [(l -q2)]l/2,  making  an  angle  with  the  Z  axis,  are 
given  by  the  equations 
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FIG.  1.  The  meunugnetic  transition  in  highly  anisotropic  biaxial  AFM  (a» 
sublattice  magnetization  s(  ,(//,);  (b)  frequencies  of  transversal  tu,  -  and 
longitudinal  J  ,  spin  rxettanoas.  !c>  frequencies  of  exciton  absorption  lines. 

cos  d=H|(  1 +q)/s[A-(  1 +q)7'],  (7) 

AH\  =  [A-(\+q)J'?(A  +  2qJ).  (8) 

Note,  that  in  the  SM  phase  (for  A>  U)  the  magnetization 
arises  only  in  field  j~,(Hj-H’),  where 

H'  =  [A(A  -  2J)]1/J.  The  dotted  lines  in  Fig.  2(a)  separate 
the  regions  of  different  behavior  of  the  system  in  H) .  So,  in 
the  parameter  region  1,  the  vector  (s)  continuously  turns  to 
the  H  direction  and  the  second-order  transition  take  place  at 
Hf=A  -J' ■  In  region  2  the  angular  phase  loses  its  stability 
at  d(//0)^0,  see  the  insert  in  Fig.  2;  the  angle  discontinuity 
\-d  at  the  first-order  transition  to  the  state  d=0  increases 


FIG.  2.  fa)  The  (AJ')  Phase  diagram  for  a  uniaxial  FM  in  a  longitudinal 
field;  (b)  the  (HJ ' )  Phase  diagram  plotted  for  a  specific  value  A’>2J. 
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from  0  to  n/2  with  increase  of  J ' .  In  regions  3  and  4  Ad 
-  7t/2,  but  in  3  the  angular  phase  may  exist  as  a  metastable 
one.  Figure  2(b)  presents  the  phase  diagram  corre¬ 

sponding  to  some  specific  value  of  A '  >2J. 

IV.  SPATIALLY  INHOMOGENEOUS  SOLUTIONS 

With  additional  active  degrees  of  freedom  introduced 
into  Eqs.  (1)— (4),  the  scope  of  possible  nonlinear  effects 
greatly  widens  in  excess  of  that  described  by  the  1.1  J.  set. 
Here  we  will  not  dwell  upon  the  problems  connected  with 
the  interference  of  dipole  and  quadrupole  variables  and  con¬ 
fine  ourselves  to  some  special  results  referring  to  the  quad- 
rupole  variables. 

A.  Domain  wall  In  a  biaxial  FM 

At  (A-B)>J,  the  Bloch-type  domain  wall  (DW)  is 
very  unlikely  to  arise,  much  as  in  a  highly  anisotropic  AFM 
(5)  the  spin-flop  phase  dies  out.  The  static  solution  to  Eqs. 
(1)— (4),  satisfying  the  boundary  conditions  r(±°°)=±s0, 
where  s0=[(l-b2)]‘/2,  b=B/J ,  is  a  spatial  area  with  the 
width  L  =  2/[(  1  -b)j 1/2  inside  which  only  the  magnetization 
magnitude  varies.  In  contrast  with  the  classical  Ising  DW 
(s„=±l),  such  DW  is  a  mobile  excitation  and  its  motion 
along  the  y  axis  with  the  velocity  V  is  accompanied  by  a 
rotation  wave  of  the  tensor  Qafi:s 

v2(y-Vr)  b  ss0 

t~ ^ MCSlBh 

+  arcsins,  (9) 

V  s„ 

Sin2y=—  — — - rf — ; - r-rr  ,  l>,=  ,'2 B/h. 

ve  1+fc  cosh(s0(y-ur)j2] 

(10) 

In  a  magnetic  field  H|{ OZ,  this  DW  moves  like  a  particle 
with  the  mass  mQ=  v2A27jJ/6B2.  It  must  be  emphasized 
that  the  derived  expressions  (9)  and  (10)  refer  to  a  pure  quan¬ 
tum  mechanical  state  for  T=0.  Here,  as  in  biaxial  AFMs 
(Fig.  1),  the  reduction  “quenching”  and  vanishing  of  the 
magnetization  are  related  to  changes  of  the  component  of  the 
eight-dimensional  “generalized  spin”  vector  on  the  three- 
dimensional  subspace  (sx,sy,sz).  Figure  3  shows  how  for  a 
static  DW  the  orientation  of  this  vector  varies  in  the  subspace 
(s,  ,sz  ,q)  in  weakly  (curve  1)  and  highly  anisotropic  (curve 
2)  FMs;  the  dashed  line  corresponds  to  a  classical  DW  of  the 
Bloch  type. 

B.  Magnetic  vortex 

In  the  frame  of  the  classical  approach,  the  energy  mini¬ 
mum  of  the  magnetic  vortex  is  provided  by  a  deflection  of 
the  magnetization  from  the  easy  plane  at  the  vortex  core.  Yet, 
Eqs.  (1)— (4)  admit  an  alternative  solution  where  spins  are 
left  in  the  plane  and  the  energy  remains  finite  due  to  varia- 


FIG.  3.  The  orientation  of  the  “generalized  spin”  vector  in  domain  walls  for 
weakly  (curve  1)  and  highly  (curve  2)  anisotropic  FMs.  The  parameter  var¬ 
ied  along  curves  1  and  2  is  the  spatial  coordinate  y. 

tions  of  the  r  (r)  modulus  and  to  the  magnetization  vanishing 
at  the  vortex  axis.  In  the  cylindric  coordinate  system  (r, X), 
the  solution  for  r<r„  is 

s(r)  =  sj  ll(rsx)~sx{r/ry)‘',  (11) 

where  v=l,2 . sx  =  |l -(A/U)2]'12  andr„  =2(v\)u,l S. 

is  a  characteristic  scale,  equal  to  the  vortex  core  radius. 

V.  CONCLUDING  REMARKS 

In  the  foregoing  we  have  surveyed  just  a  small  part  of 
the  results  related  to  rather  simple  examples  of  the  nonlinear 
behavior  of  highly  anisotropic  magnets  in  strong  magnetic 
fields.  Further  progress  is  rich  with  prospects  in  studying 
more  complicated  systems6’7  and  allowing  for  corrections  to 
the  solutions  of  the  self-consistent  problem.8,9 

Furthermore,  the  avenue  of  the  research  pertaining  to 
nonlinear  dynamics,  in  particular  to  solitonlike  objects,  re¬ 
mains  almost  unexplored.  As  shown  above,  even  in  the  sys¬ 
tems  with  spins  S  =  1  there  may  exist  novel  objects  associ¬ 
ated  with  quadrupole  degrees  of  freedom.  It  is  also  likely  that 
interactions  between  dipole  and  quadrupole  variables  (or 
even  those  of  a  higher  multiplicity  for  S>  1 )  will  not  only 
modify  the  related  solutions10  but  also  result  in  the  revelation 
of  novel  mixed  objects  with  additional  internal  structure. 
Naturally,  the  suggested  theoretical  investigations  invite  fur¬ 
ther  target-oriented  experiments. 

1  A.  M.  Pcrelomov,  Sov.  Phys  Usp.  2»,  703  (1977). 

2 Ulus,  for  the  mixed  state  described  by  the  density  matrix  H=®U(  1)  we 
have  25  integrals  of  motion. 

3F.  T.  Hioe  and  J.  H.  Eberiy,  Phys.  Rev.  Lett.  47,  838  (1981). 

4  A.  F.  Prikhot’ko,  V.  S.  Ostrovskii,  Yu.  G.  Pikus,  and  L.  I.  Shanskii.  Sov.  J. 
Low  Temp.  Phys.  6,  518  (1980). 
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(1990). 
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Applications  of  ferrites  and  ferromagnets  in  tuning  rf  cavities 
for  accelerators 

S.  M.  Hanna 

Broekhava i  National  Laboratory,  Upton,  New  York  11973 

Traditionally  ferrites  have  been  used  in  accelerators  for  tuning  rf  cavities  and  in  nonreciprocal 
devices  controlling  the  power  flow  in  rf  accelerating  systems.  Recently,  the  development  of  cavity 
tuners  based  on  perpendicularly  biased  ferrites  has  shown  good  progress.  Yttrium  iron  game!  (Y1G) 
is  gradually  replacing  the  traditional  Ni  Zn  ferrites.  The  use  of  conventional  parallel-biased  Ni  Zn 
ferrites  for  varying  the  frequency  of  accelerating  cavities  has  the  disadvantage  of  high  saturation 
magnetization  (LnM ,).  This  precludes  practical  operation  in  low  magnetic  loss  regions.  Different 
substitutions  have  been  used  with  YIG  to  reduce  its  4  irA#,,  making  it  a  practical  candidate  for 
perpendicular  biasing  operating  in  the  saturation  region.  In  addition,  YIG  is  known  for  its  low 
dielectric  and  magnetic  losses.  In  this  paper  we  give  a  short  review  of  development  in  accelerator 
cavity  tuners  based  on  perpendicularly  biased  iron  garnet  ferrites.  We  use  the  operation  of  a  52  MHz 
stripline-based  YIG  tuner  which  we  have  tested  at  BNL  as  an  example  to  demonstrate  the 
advantages  of  using  YIG  in  cavity  tuners.  We  also  discuss  magnetic  tuning  techniques  based  on 
magnetostriction  of  Ni. 


I.  INTRODUCTION 

Some  of  the  well  known  characteristics  of  ferrites  that 
have  been  exploited  in  accelerators  are  the  ease  of  changing 
the  permeability,  the  nonreciprocal  properties,  and  depen¬ 
dence  of  magnetic  losses  on  the  biasing  field  (or  one  rating 
frequency).  Low-loss  ferrites  have  found  applications  such  as 
tuners  and  circulators.  More  recently  the  inclusion  of  ferrite 
absorbers  in  the  inside  walls  of  beam  pipes  for  selectively 
damping  of  undesirable  modes  has  been  under  investigation. 
Tuning  of  radio-frequency  (rf)  cavities  in  storage  rings  is 
needed  to  maintain  accelerating  gap  voltage  under  varying 
beam  load  conditions.  Conventionally,  this  has  been  done 
using  motor-driven  capacitive  posts  or  inductive  loops.  Un¬ 
der  conditions  of  fast  injection,  the  need  exists  for  a  different 
type  of  tuner  in  which  the  mechanical  movements  of  the 
tuning  elements  are  eliminated.  In  this  paper  we  present  a 
short  review  of  the  application  of  ferrites  in  tuning  acceler¬ 
ating  cavities.  We  use  a  stripline-based  garnet  tuner  which 
was  tested  at  the  Brookhaven  Laboratory  as  an  example  for 
the  new  directions  for  ferrite  tuners.  We  also  discuss  briefly 
the  magnetostrictive  ferromagnetic  tuners  used  with  super¬ 
conducting  accelerating  cavities. 


II.  NEED  FOR  TUNERS  IN  ACCELERATORS 

The  effect  of  the  passage  of  a  bunch  of  charges  (e.g., 
electrons)  in  a  cavity  is  to  excite  an  additional  field  in  the 
cavity.  These  induced  fields  can  be  described  in  terms  of 
beam  image  current  induced  in  the  cavity  walls.  To  the  ac¬ 
celerating  cavity,  the  generator  current  ig  and  the  beam  im¬ 
age  current  ib  are  indistinguishable,  and  the  net  cavity  driv¬ 
ing  current  is  their  phasor  sum  it.  In  the  vicinity  of 
resonance  the  cavity  can  be  presented  by  a  parallel  RLC 
circuit  (seen  from  the  accelerating  gap).  In  the  phasor  dia¬ 
gram  shown  in  Fig.  1,  V  is  the  gap  voltage,  4>,  is  phase 
difference  between  the  gap  voltage  and  the  harmonic  com¬ 
ponent  of  the  beam  current  at  the  cavity  resonance 


frequency.1  The  total  current  flowing  through  the  resonator, 
i,  is  related  to  V  through  the  cavity  admittance: 

i,—YV—(VR  +  jB)V,  (1) 

where  R  is  the  shunt  resistance  of  the  cavity  which  is  con¬ 
stant.  The  susceptance  B  can  be  varied  by  adjusting  the  tun¬ 
ing  angle  of  the  resonator.  As  a  consequence,  i,  follows  the 
locus  shown  in  Fig.  1  (dotted  line)  depending  on  the  cavity 
tuning.  The  minimum  value  of  |ig|  is  obtained  when  ig  and  V 
are  in  phase.  This  is  the  best  operating  condition  for  the 
power  generator.  Usually  there  is  a  servo  tuner  which  mea¬ 
sures  the  phase  difference  between  the  rf  drive  and  gap  volt¬ 
age,  and  controls  the  cavity  tuning  through  the  motion  of  a 
mechanical  tuner  or  the  change  of  the  magnetic  biasing  field 
on  a  ferrite  (or  a  magnetostrictive)  tuner  to  minimize  the 
required  rf  power. 


IH.  FERRITE  CAVITY  TUNERS 

The  idea  of  using  ferrites  to  tune  rf  and  microwave  cavi¬ 
ties  is  almost  four  decades  old.2"4  These  early  x-band 
(around  10  GHz)  experiments  were  successful  in  demonstrat¬ 
ing  the  potential  of  ferrite  tuning  of  cavities.  Practical  appli¬ 
cations  in  tuning  accelerator  cavities  followed  the  improve¬ 
ment  in  the  quality  of  ferrites  available.  Conventional  ferrite- 
tuned  particle  accelerator  cavities,5  used  nickel-zinc  ferrites 
rings  loading  short-circuited  coaxial  transmission  lines.  The 
resulting  variable  inductance  was  used  to  resonate  the  accel¬ 
erating  gap  capacitance.  The  accelerating  voltage  is  kept  in 
tune  with  the  required  accelerating  frequency  by  changing 
the  biasing  magnetic  field.  A  simplified  basic  structure  is 
illustrated  in  Fig.  2.  In  the  early  designs  the  ferrite  rings 
encircled  the  beam  pipe.6  in  later  machines,  the  ferrite  was 
moved  from  around  the  beam  pipe,  thus  making  the  tuners 
demountable  and  several  turns  of  bias  current  were  used  to 
reduce  the  current  requirement.  An  example  of  that  is  the 
Fermi  National  Laboratory  (FNL)  booster  cavity,7  providing 
a  tuning  range  of  30.3-52.8  MHz. 
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A.  Effect  of  biasing  orientation 

Two  approaches  have  been  implemented  for  biasing  the 
ferrite  for  varying  its  permeability.  In  the  parallel  biased  tun¬ 
ers  nickel-zinc  ferrite  was  the  material  of  choice.  Because  of 
their  high  saturation  magnetization  ( 4 rrAf ,),  it  was  not  prac¬ 
tically  possible  to  bias  the  ferrite  to  saturation  avoiding  do¬ 
main  wall  loss.  Thus,  low  magnetic  Q ’s  were  typical  of  these 
cavities.  Additional  Q  degradation  occurred  at  low  bias  fields 
resulting  from  domain  wall  motion  accompanying  rapid 
change  in  bias  field.  This  dynamic  loss  was  found  to  seri¬ 
ously  affect  the  accelerator  performance  when  low-frequency 
biasing  was  required  for  frequency  sweeping.8  Recently,  sub¬ 
stituted  yttrium  iron  garnet  (YIG)  was  used  in  ferrite  cavity 
tuners  using  perpendicular  biasing.'1" 14  With  different  substi¬ 
tutions,  the  4  vMs  was  reduced  enough  to  allow  for  biasing 
above  saturation.  Thus,  low-loss  operation  was  achieved,  ex¬ 
ploiting  the  high  magnetic  Q  of  the  YIG.  In  addition,  YIG 
offers  high  electric  Q.  We  review  here  the  main  characteris¬ 
tic  of  a  gamet  tuner  by  discussing  a  garnet  tuner1213  of  the 
stripline  configuration. 

B.  BNL  atripllne  garnet  tuner 

A  new  type  of  ferrite  tuner  has  been  tested  at  the  BNL. 
The  ferrite  tuner  uses  gamet  slabs  partially  filling  a  stripline. 
One  of  the  important  features  of  the  tuner  is  that  the  ferrite  is 
perpendicularly  biased  and  the  dc  magnetic  field  is  set  for 
operation  above  FMR,  thus  reducing  the  magnetic  losses  in 
the  ferrite.  A  unique  design  was  adopted  to  achieve  efficient 
cooling. 


FIG.  3.  Configuration  for  YIG  stripline  tuner. 


1.  Basic  concept 

A  loop-coupled  transmission  line  is  used  to  tune  a  52 
MHz  cavity.  The  transmission  line  is  partially  loaded  by  fer¬ 
rite.  By  changing  the  bias  field,  the  permeability  of  the  ferrite 
can  be  changed.  This  results  in  a  change  in  the  circulating 
current  in  the  coupling  loop,  which  in  turn  changes  the  mag¬ 
netic  field  in  the  region  around  the  loop.  Thus,  the  ratio  of 
the  magnetic  to  electric  stored  energy  in  the  cavity  is 
changed  with  the  accompanying  change  in  the  cavity's  reso¬ 
nant  frequency.  A  schematic  for  the  ferrite  tuner  and  the  rf 
cavity  is  shown  in  Fig.  3. 


2.  Circuit  model 

The  ferrite  tuner  can  be  modeled  as  a  short-circuited 
transmission  line  whose  effective  length  varies  as  a  function 
of  the  bias  current,  /(/)  as  shown  in  Fig.  4.  From  the  tuner 
equivalent  circuit  shown  in  Fig.  5(a),  one  can  deduce  the 
coupled  impedance  reflected  into  the  cavity.  This  is  shown  in 
Fig.  5(b). 


(2) 


giving 

K2(wLp)(wLs )  -K'ZpZ, 
z<  Zs  +  Z,  Zs+Z,  • 

where  .  Since  the  resistive  part  of  Zs  is  negli¬ 

gible.  then 

Zs=ja>Ls. 

The  resonance  frequency  of  the  cavity  is 


FIG.  2.  AGS  ferrite  cavity,  schematic  representation. 


FIG.  4.  Transmission  line  model  for  the  ferrite  tuner. 
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2w/=^k' 

where 

*•«#=*•„(  1  -1+Z(/ZJ- 

If  the  capacitance  is  fixed,  then  we  have 
A/  Afeff 

/  ^-eff 


(4) 


a  Tunablllty 

We  have  optimized  the  coupling  between  the  tuner  and 
the  cavity  as  well  as  the  length  of  the  connecting  transmis¬ 
sion  line  to  obtain  the  required  tunability.  A  length  of 
1=56.5"  gave  a  linear  tuning  characteristics  as  shown  in  Fig. 
6.  The  cavity  frequency  is  plotted  against  the  tuner  biasing 
current  /.  The  maximum  frequency  shift  obtained  is  78  kHz, 
which  exceeds  the  design  goal  of  50  kHz. 


VI.  MAGNETOSTRICTIVE  TUNERS  FOR 
SUPERCONDUCTING  CAVITIES 

Superconducting  (SC)  cavities  normally  require  two  tun¬ 
ing  systems.15  The  slow  tuning  system  has  to  compensate  for 
frequency  fluctuations  due  to  changes  in  the  operating  pres¬ 
sure  of  the  liquid-helium  (LHe)  bath  or  variations  from  one 
cooling  cycle  to  another.  Fast  tuning  system  has  to  cope  with 
fast  frequency  changes  resulting  from  cavity  vibration  (typi¬ 
cally  10-500  Hz)  produced  by  external  sources  (such  as 
vacuum  pumps)  or  by  fast  pressure  changes  in  LHe  bath. 


0  10  10  M  K  tOO  ISO 

•MS  CUmiCMT  (MVS) 

FIG.  6.  Tuning  characteristics  of  the  YIG  tuner. 


FIG.  7.  Tuning  system  of  LEP  cavities:  (1)  Ni  tube,  (2)  coil  for  magneto¬ 
striction,  (3)  cold  gas  tnkt,  (4)  cold  He  gas  outlet.  (5)  beater.  <6i  sup¬ 
porting  frame,  and  i7t  cavity  with  welded  He  vessel 


Magnetostrictive  tuning  system  is  based  on  changing  the 
cavity  length  by  applying  mechanical  forces  resulting  from 
the  magnetostriction  of  ferromagnetic  oars  supporting  the 
cavity.  Pure  nickel  (Ni)  is  chosen  over  other  magnetostrictive 
materials  because  of  its  proven  cryogenic  properties.  This 
approach  for  fast  tuning  has  been  used  in  the  niobium  cavi¬ 
ties  at  the  large  electron  positron  (LEP)  collider  at  European 
Organization  for  Nuclear  Research  (CERN).  The  four-cell 
350  MHz  LEP  cavity  is  shown  in  Fig.  7.16  Three  Ni  tubes 
(anchored  to  the  cavity  end  flanges)  sustain  the  cavity  and 
He  vessel.  Each  tube  is  surrounded  by  two  coils  providing 
the  magnetic  field  needed  for  the  magnetostrictive  effect.  The 
sensitivity  of  tuning  is  40  kHz/mm  at  a  speed  of  20  Hz/ms 
covering  a  tuning  range  of  2000  Hz  at  a  maximum  exciting 
field  of  4400  A/m.  The  same  system  is  used  for  slow  tuning 
exploiting  the  thermal  expansion  of  the  Ni  bars  by  varying 
their  temperature  by  electrical  heating  coils.  The  tuning 
range  is  50  kHz  with  tuning  speed  of  8  Hz/s. 
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Forward  volume  wave  microwave  envelope  solitons  in  yttrium  iron  garnet 
thin  films:  Peak  profiles  and  multisoliton  signatures  (abstract) 
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Microwave  envelope  solitons  have  been  observed  in  yttrium  iron  garnet  (Y1G)  films  for  different 
field  configurations  and  surface  pinning  conditions.  Earlier  work  on  magnetostatic  forward  volume 
wave  (MSFVW)  solitons  in  Y1G  films  has  focused  on  the  break  from  the  low  power  linear 
dependence  of  the  output  pulse  peak  power  PMi  on  input  pulse  power  P or  on  the  evolution  of 
the  shape  of  the  microwave  pulse  envelope  with  increasing  power.2  In  this  work,  both  (1)  the 
nonlinear  dependence  of  P^x  on  Pm  and  (2)  the  shape  of  the  output  pulses  for  MSFVW  solitons 
have  been  examined  over  a  wide  range  of  power  levels  and  pulse  widths.  The  experiments  used 
7.2-/i.m-thick  single  crystal  YIG  films  with  unpinned  surface  spins.  A  field  of  3744  Oe  was  applied 
perpendicular  to  the  plane  of  a  15x2  mm  film  sample.  Microwave  pulses  at  5.4-6  GHz,  with  a 
width  rof  5-50  ns  and  peak  powers  up  to  3  W,  were  launched  by  a  microstrip  antenna  about  5  mm 
from  one  end  and  picked  up  by  a  second,  parallel  antenna  about  5  mm  from  the  other  end.  Data  were 
processed  with  a  microwave  transition  analyzer  operated  in  a  time  domain  mode.  For  a  given  pulse 
width,  the  initial  break  and  nonlinear  increase  in  Pmt  relative  to  Pllt  noted  in  Ref.  1  is  followed  by 
a  gradual  leveling  off  in  Poxll  at  high  power.  For  a  given  pulse  power  above  soliton  threshold,  the 
-Pout  versus  r  profiles  show  an  initial  linear  increase  which  is  followed  by  a  decrease  and  an 
oscillatory  response  as  multiple  solitons  are  formed.  These  profiles  are  directly  correlated  with  the 
formation  of  a  single  soliton  pulse  which  evolves  into  multiple  soliton  wave  packets  with  increasing 
either  power  or  pulse  length. 
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Microwave  magnetic  envelope  solltons:  Threshold  powers  and  soltton 
numbers  (abstract) 

J.  M.  Nash,  M.  Chen,  M.  A.  Tsankov,  and  C.  E.  Patton 

Department  of  Physics,  Colorado  State  University,  Fort  Collins,  Colorado  80523 

Microwave  envelope  solitons  may  be  generated  in  thin  yttrium  iron  garnet  (YIG)  films  by 
microwave  pulses  if  the  input  power  is  above  some  threshold  power  P&.  Above  P±,  single  solitons 
or  multiple  solitons  may  be  generated.  De  Gasperis  and  co-workers  have  examined  P&  versus  input 
microwave  pulse  length  r  without  regard  to  the  number  of  solitons  actually  generated.1  Kaiinikos 
and  co-workers  have  extracted  a  soli  ton  number  from  actual  profiles.2  Collectively,  these  works 
demonstrate  that  both  the  number  of  solitons  and  the  threshold  power  for  the  generation  of  those 
solitons  depends  on  r.  In  this  work,  P&  vs  r  data  are  analyzed  to  obtain  a  soliton  number  index  N. 

This  index  has  a  quantitative  basis  in  soliton  theory  and  represents  a  significant  improvement  over 
a  qualitative  profile  based  determination.  Measurements  were  made  on  a  7.2  pm  YIG  film  in  a 
microstrip  delay  line  structure.  Microwave  pulses  5-50  ns  wide  and  at  a  carrier  frequency  of  5.78 
GHz  were  used  to  generate  backward  volume  wave  solitons.  Deviations  from  a  linear  response  of 
the  measured  peak  output  power  were  observed  above  some  PA  for  each  rvalue.  Plots  of  P&  vs  l/i2 
show  three  linear  regimes  that  correspond  to  three  distinct  values  of  N,  N=  1  for  5  ns<r<10  ns, 

N= 2  for  20  ns<r<30  ns,  and  AT =3 -4  for  30  ns<r<50  ns.  Even  when  experimental  conditions 
mask  the  number  of  distinguishable  peaks  in  a  given  profile,  the  threshold  power  may  be  used  to 
determine  the  number  of  solitons  present 
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Self-channeling  of  magnetoetatic  waves  in  ferromagnetic  film  (abstract) 
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Low  power  magnetostatic  wave  (MSW)  experiments  reporting  beam  formation  and  propagation 
inside  ferromagnetic  films  have  been  carried  out  .u  In  this  work,  we  report  the  first  observation  of 
self  channeling  of  MSW  and  the  formation  of  the  spatial  solitons  of  MSW  for  an  in-plane 
magnetized  YIG  film  and  waves  propagating  perpendicularly  to  the  diisction  of  magnetization.  The 
experiments  were  conducted  using  YIG  film  of  4.9  jum  thickness  magnetized  in-plane  by  a 
permanent  magnetic  field  of  1094  Oe.  A  cw  signal  was  launched  into  the  film  through  a  microstrip 
antenna.  A  Brillouin  scattering  system  consisting  of  a  tandem  Fabry-Perot  interferometer  has  been 
used  to  observe  the  profile  of  a  MSW  beam.  Self-channeling  MSW  beam  propagation  occurring  as 
a  result  of  an  interplay  between  diffraction  of  the  beam  and  self-modulation  was  observed  for 
various  magnitudes  of  input  power  and  initial  frequency.  At  low  power  levels  the  formed  MSW 
beam  broadens  and  weakens  during  the  propagation.  As  the  input  power  increases,  the  intensity  of 
the  peak  power  of  the  beam  also  increases  and  a  narrow  channel  of  the  MSW  beam  is  formed.  The 
power  threshold  depends  on  the  wavelength  of  MSW  and  the  width  of  the  excitation  microstrip.  A 
theory  describing  the  spatial  MSW  self-channeling  is  developed.  The  necessary  and  sufficient 
conditions  are  analyzed  and  numerical  calculations  are  provided.  The  experimental  data  are  in  a 
semi-quantitative  agreement  with  theory. 
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Spin  wave  solitons  in  an  antMarromagnatfc  film  (abstract) 
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The  propagation  of  nonlinear  dipole  spin  waves  in  a  film  consisting  of  a  two  sublattice,  uniaxial, 
antiferromagnetic  material  has  been  investigated.  The  system  when  the  external  magnetic  field  is 
assumed  to  be  parallel  to  the  anisotropy  axis  of  the  antiferromagnetic  film  and  is  directed  parallel, 
or  perpendicular,  to  the  film  surface  is  considered.  For  the  first  case,  surface  and  volume  waves  can 
propagate  in  the  film,  and  for  the  second  case,  volume  waves  can  propagate  in  the  film  for  a  rather 
weak  external  magnetic  field  when  the  magnetization  of  the  sublattices  are  counter  parallel  to  each 
other  and  are  perpendicular  to  the  film  surface.  The  linear  dispersion  relations  for  ail  three  types  of 
waves  are  analyzed  and  their  group  velocity  dispersion  is  calculated.  The  nonlinear  shift  of  the 
frequency,  due  to  the  finite  power  of  the  wave,  is  also  obtained  for  the  three  types  of  dipole  waves 
for  the  case  of  a  thin  antiferromagnetic  film,  when  kd<  1  (k  is  the  wave  number  and  d  is  the 
thickness  of  the  film).  The  nonlinear  Schrodinger  equation  governing  the  propagation  of  the 
nonlinear  spin  wave  in  the  film  is  investigated.  It  is  shown  that  the  criterion  for  the  existence  of  spin 
wave  solitons  is  fulfilled,  for  parallel  magnetization,  which  permits  the  existence  of  surface  waves 
(one  branch)  and  volume  waves  (both  branches),  but  the  criterion  is  not  fulfilled  for  perpendicular 
magnetization.  The  power  threshold  for  soliton  creation  is  also  calculated  and  estimates  are  given 
for  the  data  appropriate  to  a  MnF2  crystal. 
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There  has  been  increased  interest  recently  in  nonlinear  microwave  phenomena  in  bulk  and  thin  film 
single  crystal  ferrite  materials.  These  nonlinear  phenomena  show  a  variety  of  novel  effects  such  as 
spin  wave  instability,  auto-oscillation,  multistability,  period  multiplication,  intermittency,  and  chaos. 

Emerging  theories  to  explain  these  phenomena  have  generally  been  based  on  simple  two  mode 
models.  It  is  clear  that  an  experimental  determination  of  the  number  and  distribution  of  the  modes 
excited  at  and  above  the  spin  wave  instability  threshold  could  play  a  key  role  in  the  refinement  of 
these  theories.  This  work  is  concerned  with  a  Brillouin  light  scattering  (BLS)  experimental  study  of 
the  wave  vector  distribution  of  the  parametric  spin  wave  modes  excited  at  and  above  the  subsidiary 
absorption  spin  wave  instability  threshold  in  yttrium  iron  garnet  (YIG)  films.  The  in-plane 
magnetized  4. 15-/im-thick  films  were  transverse  pumped  at  8.47  GHz,  with  the  microwave  field 
also  in-plane.  The  BLS  data  were  obtained  with  a  tandem,  multi  passed,  high  contrast  Sandercock 
Fabry-Perot  interferometer.  The  data  show  a  complicated  wave  vector  distribution  for  the  excited 
modes.  The  spin  wave  propagation  direction  is  sharply  peaked  at  the  value  expected  from  standard 
instability  theory.  However,  the  wave  number  distribution  is  quite  broad,  even  at  threshold.  For 
power  levels  above  threshold,  this  distribution  evolves  in  a  complicated  manner  that  depends  on 
field  and  propagation  direction.  These  results  show  that  simple  two  mode  models  are  inadequate  to 
deal  with  high  frequency  nonlinear  processes  in  ferrite  thin  films. 
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Nonlinear  surface  spin  waves  (abstract) 
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There  has  been  extensive  theoretical  and  experimental  work  devoted  to  investigations  of  surface 
spin  waves  in  magnets.  However,  such  excitations  have  usually  been  studied  in  the  linear 
approximation,  whereas  large-scale  dynamic  excitations  (magnetic  solitons.  nonlinear  spin  waves  of 
different  types)  were  discussed  in  infinite  media  only.  The  purpose  of  this  work  is  to  investigate  a 
new  type  of  surface  excitation:  nonlinear  surface  spin  waves  (surface  solitons)  in  semi-infinite 
magnets.  We  analyzed  the  simplest  model  of  a  one-sublattice  ferromagnet  taking  into  account  the 
nonhomogeneous  exchange  interaction  and  the  easy-axis  magnetic  anisotropy.  In  addition,  the 
boundary  conditions  on  the  surface  describing  uniaxial  surface  anisotropy  were  used.  Linear  surface 
spin  waves  in  such  a  model  are  known  to  exist  when  the  latter  is  of  the  easy-plane  type  only  whereas 
nonlinear  solutions  of  the  equations  of  motion  satisfying  the  boundary  conditions  are  proved  to  exist 
whatever  surface  anisotropy  takes  place.  These  solutions  describe  nonlinear  surface  spin  waves 
traveling  along  the  surface.  Moreover,  for  some  values  of  precession  frequency  and  surface 
anisotropy  constant  there  are  two  or  even  three  such  soliton-like  solutions.  It  should  be  noted  that 
localization  of  these  excitations  near  the  surface  is  entirely  due  to  nonlinearity,  and  the  surface 
solitons  under  consideration  have  no  linear  analogy.  We  also  proved  the  existence  of  so-called 
internal  nonlinear  spin  waves  describing  soliton-like  magnetic  excitations  localized  on  the  interface 
between  two  semi-infinite  magnets.  In  addition,  the  generalization  of  all  results  mentioned  above 
was  obtained  for  more  complicated  two-  and  many-sublattice  magnets. 
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Thermal  equilibrium  noise  with  1/f  spectrum  and  temperature-dependent 
magnetic  viscosity  In  the  amorphous  alloy  DyNi 
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We  report  on  the  magnetization  noise  and  the  imaginary  susceptibility  for  the  random  anisotropy 
amorphous  alloy  DyNi13,  for  frequencies  /<  10  Hz,  temperatures  1 .2<T<4.2  K,  and  excitation 
field  amplitudes  <150  ptAJm  (1.9  pOe).  The  noise  spectra  agree,  without  any  adjustable  parameter, 
with  the  fluctuation  dissipation  formula  and  the  measured  imaginary  susceptibility  of  the  material. 

The  spectra  show  a  1//  shape  coming  from  a  frequency-independent  imaginary  susceptibility  that 
it  is  found  to  be  temperature-dependent  extrapolating  to  zero  at  zero  temperature.  We  discuss  the 
connection  between  this  approach  and  the  usual  relaxation  experiments. 


I.  INTRODUCTION 

Thermal  equilibrium  noise  with  1//  power  spectrum  has 
been  reported  at  low  temperature  for  soft  ferromagnetic 
alloys,1  spin  glasses,2  and  high-7-,,  superconductors.  The 
noise,  when  purely  1  If,  originates  from  the  existence  of  a 
frequency-independent  imaginary  susceptibility  that  gives 
origin,  via  the  standard  fluctuation  dissipation  formula,  to  a 
magnetization  noise  with  spectrum  Su(ai)  =  (2kaT/p0) 
Vat),  with  T,  V,  and  at  the  temperature,  the  sample 
volume,  and  the  angular  frequency,  respectively. 

A  constant,  or  weakly  frequency-dependent,  imaginary 
susceptibility  translates,  via  standard  Fourier  transform,  to  a 
logarithmic  relaxation  of  the  magnetization  after  a  field  step 
excitation.4  Thus,  though  this  behavior  is  a  property  of  the 
sample  at  thermal  equilibrium  and  in  a  fully  linear  response 
regime,  it  is  a  remainder  of  the  analogous  behavior  shown  by 
magnetic  systems  in  relaxation  experiments  and  often  re¬ 
ferred  to  as  magnetic  viscosity.  To  be  specific  the  magneti¬ 
zation  M  of  a  sample  having  a  fully  frequency-independent 
imaginary  susceptibility  xJJ,  would  relax,4  after  a  field  step 
of  very  small  amplitude  AH,  with  a  logarithmic  rate  s 
=  dM/d  ln(r)  =  AH(2/ir)x"0  ■ 

Magnetic  viscosity  is  commonly  assigned  to  the  exist¬ 
ence  of  a  collection  of  incoherent  exponential  relaxation  pro¬ 
cesses  with  a  distribution  of  time  constants  spanning  many 
orders  of  magnitude.  Hopping  of  the  system  between  nearby 
free-enetgy  minima  with  different  values  of  the  magnetiza¬ 
tion  would,  for  instance,  provide  such  a  collection  of  relax¬ 
ation  phenomena  if  the  energy  barriers  between  the  minima 
have  a  distribution  spanning  a  range  >kaT.  If  the  lifetime  of 
each  minimum  is  regulated  by  thermal  activation,  and  if  the 
energy  differences  A  between  the  minima  are  in  turn  distrib¬ 
uted  from  zero  to  a  value  much  higher  than  kBT,  then  (see 
Sec.  IV  below)  Xo  Is  also  a  function  of  T. 

Both  temperature-dependent5  and  temperature- 
independent6  Xo  have  been  reported  for  soft  ferromagnetic 


alloys.  A  temperature-independent  Xu  suggests  a  nonthermal 
hopping  mechanism  like,  for  instance,  the  quantum  tunnel¬ 
ling  of  the  magnetization.7  This  last  possibility  should,  how¬ 
ever,  involve  a  crossover  from  a  temperature-independent  re¬ 
gime  to  a  temperature-dependent  one  at  a  crossover 
temperature  Tc.  Extrapolating  the  results  of  the  theoretical 
models  developed  for  relaxation  experiments,  Tr  should 
strongly  depend  on  the  kind  of  material  considered  and 
should  fall  in  the  1  K  range  for  high  anisotropy  materials. 

In  view  of  these  considerations  we  have  initiated  a  study 
on  the  imaginary  susceptibility  and  the  thermal  equilibrium 
noise  of  hard  magnetic  alloys.  Here  we  report  some  results 
for  the  random  anisotropy8  alloy  DyNi. 

II.  EXPERIMENT 

The  sample  studied  consists  of  13  stacked  "»5  mmx5 
mm,  20-/un-thick  DyNi  foils,  obtained  by  sputtering.  X-ray 
analysis  and  atomic  absorption  measurements  showed  that 
the  chemical  composition  is  DyNi,  ]2  and  that  the  upper  limit 
to  the  dimensions  of  a  possible  microcrystal  is  “»15  A. 

Imaginary  susceptibility  measurements  have  been  per¬ 
formed  as  described  in  detail  elsewhere.1-6'9  Here  we  only 
remind  that  they  are  based  on  the  measurement  of  the  com¬ 
plex  self-inductance  L  =L '  -  it"  of  s  superconducting  trans¬ 
former  coupled  to  the  sample  on  one  side  and  to  a  commer¬ 
cial  rf  superconducting  quantum  interference  device 
(SQUID)  on  the  other.  The  ac  field  amplitudes  used  to  mea¬ 
sure  the  complex  susceptibility  are  always  less  than  150 
pAJm  and  the  sample  behaves  for  such  small  signals  as  a 
linear  device.1-9 

The  data  for  the  phase  <t>t  of  the  transformer  inductance 
result  from  the  subtraction  of  a  proper  blank  measurement 
obtained  by  substituting  the  pickup  coil  coupled  to  the 
sample  with  a  test  coil  with  the  same  value  of  self¬ 
inductance.  In  the  0.1-10  Hz  frequency  range  the  method 
achieves  an  accuracy  for  <t>t  of  <*>  10“3  deg,  while  the  modu- 
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HCi.  1-  Spectral  noise  density  at  the  SQUID  output  for  the  two  extreme 
temperatures  1.14  and  4.2  K.  The  continuous  noisy  lines  are  the  experimen¬ 
tal  spectral  densities.  The  broken  line  is  the  SQUID  background  noise.  The 
symbols  represent  the  noise  calculated  from  Eq.  (1)  using  the  measured 
values  of  the  imaginary  susceptibility. 


lus  |L|  is  measured  with  a  “0.5%  relative  precision.  Above 
10  Hz,  due  to  the  need  to  use  a  less  precise  A/D  converter, 
the  accuracy  for  <t>t  drops  to  “10-2  deg. 

The  data  for  L  can  be  converted  to  a  complex  suscepti¬ 
bility  x~x'~ix">  using  standard  formulas  for  coils  and 
transformer  cores.  For  the  present  very  low  permeability 
sample,  this  conversion  cannot  be  better  than  an  estimate  of 
the  order  of  magnitude.  In  fact  we  notice  that  the  insertion  of 
the  sample  into  the  pickup  coil  does  not  change  |t|  by  a 
measurable  quantity  and  only  is  affected  by  the  sample. 
However,  we  stress  that  any  inaccuracy  in  the  conversion  is 
of  no  consequence  when  calculating  the  thermal  noise.  In 
fact  the  flux  noise  at  the  SQUID  output  S  depends  only  on  L 
according  to9 


S-2kBT 


M1  L 

W  “ 


+So. 


(1) 


where  So  is  the  SQUID  background  noise  and  M  is  the  mu¬ 
tual  inductance  between  the  SQUID  and  the  transformer. 

Because  of  the  large  inaccuracy  of  the  conversion  be¬ 
tween  /.  and  x.  we  have  chosen  to  report  in  the  following  the 
values  of  L"  which,  we  notice  again,  are  just  proportional  to 

v. 

The  spectral  density  S  is  measured  by  standard  FFT 
methods.’  6  The  background  noise  S0  is  measured  by  substi¬ 
tuting  the  sample  coil  with  the  above-mentioned  test  coil  and 
has  been  found  to  be  frequency  independent  down  to  a  Ilf 
comer  at  about  0.3  Hz. 

The  sample  temperature  was  adjusted  by  regulating  the 
pressure  above  the  liquid-Helium  bath  and  was  measured  by 
a  calibrated  germanium  resistor. 


HI.  RESULTS 

The  imaginary  inductance  L"  has  been  found  to  be  fre¬ 
quency  independent  in  the  0.1-10  Hz  range.  The  precision 
sets  an  upper  limit  for  the  logarithmic  slope 
a  =  \d  log (£")/d  log(iu)|  of  a  <0.1.  Above  10  Hz,  due  to  the 
much  lower  accuracy  of  the  measurements,  L"  is  signifi¬ 
cantly  different  from  zero  only  above  ~2.5  K. 

In  Fig.  1  we  report  the  noise  spectral  density  5  as  a 


FIG.  2.  The  imtgiiury  inductance  below  10  Hz  ,  as  a  function  of  the 
temperature.  Closed  symbols  represent  the  values  as  directly  measured. 
Open  symbols  are  the  values  calculated  from  noise  using  fluctuation  dissi¬ 
pation  formula  without  any  adjustable  parameter.  The  solid  line  is  a  linear 
least-squares  fit  to  data  with  a  power  law. 


function  of  the  frequency,  for  frequencies  between  0.1  and 
10  Hz  and  for  the  two  extreme  temperatures  1.14  and  4.2  K. 
The  noisy  continuous  line  are  the  (smoothed)  experimental 
spectra,  while  the  broken  one  is  the  measured  background 
SQUID  noise  S0  at  1.14  K.  The  symbols  represent  the  noise 
calculated  via  Eq.  (1)  using  the  measured  values  of  L  and  S0 
without  any  adjustable  parameter.  It  can  be  seen  that  the 
experimental  spectra  and  the  calculated  ones  agree  within 
their  precision. 

In  Fig.  2  the  average  value  of  I”  in  the  0.1-10  Hz  range 
to  is  reported  as  a  function  of  the  temperature.  Also  reported 
are  the  values  of  L„  calculated  from  the  measured  noise 
spectra  by  inverting  Eq.  (1).  Again  the  agreement  between 
the  two  sets  of  data  is  obtained  without  any  adjustable  pa¬ 
rameter. 

The  repotted  error  bars  also  include  a  slight  lack  of  re¬ 
producibility,  observed  for  this  sample,  of  the  values  of 
obtained  by  both  methods  but  in  different  experimental  runs. 
Between  two  successive  runs  the  helium  dewar  is  reflllcd  and 
the  sample  warms  up  at  a  temperature  above  “20  K. 

A  fit  of  the  data  in  Fig.  2  to  a  simple  straight  line  gives 
an  intercept  of  260 ±30  pH.  The  fit  is  rather  poor,  the  chi- 
square  test  giving  a  probability  of  random  occurence  of 
“7%.  A  good  fit,  with  “50%  random  occurrence  probability, 
is  obtained  by  the  power  law  L"0  =  ATS.  The  best  fitting 
curve,  shown  in  Fig.  2,  corresponds  to  an  exponent  <5=0.56 
±0.04.  We  notice  in  addition  tha*  the  data  below  2  K  can  be 
alternatively  well  fitted  to  a  straight  line  with  zero  intercept. 
The  above-mentioned  slight  lack  of  reproducibility  from  run 
to  tun  does  not  allow  to  consider  as  significant  the  change  in 
slope  between  2  and  3  K  that  suggests  the  beginning  of  a 
plateau. 

rv.  DISCUSSION 

The  agreement  between  the  measured  value  of  the  noise 
and  that  calculated  from  Eq.  (1)  shows  that  the  sample  acts 
as  a  linear  device  at  thermal  quasi  equilibrium.  This  is  con¬ 
sistent  with  the  observation  that  the  values  of  the  applied 
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field  viriatkm  SH  are  SH<  150  fiAJm,  a  value  much  less 
than  any  field  scale  at  which  irreversible  effects  are 
displayed.8 

As  already  stated  in  the  introduction,  the  logarithmic  re¬ 
laxation  of  the  magnetisation  is  commonly  explained  in 
terms  of  a  collection  of  exponential  relaxation  processes  with 
time  constants  r  distributed  over  many  orders  of  magnitude. 
This  picture,  however,  has  been  developed  in  connection 
with  relaxation  experiments,  where  large  field  steps  are  ap¬ 
plied  to  the  sample.  As  a  consequence  the  model  assumes 
that  in  each  relaxation  process  the  applied  field  forces  some 
magnetic  subsystem,  initially  trapped  in  a  free -energy  mini¬ 
mum,  to  overcome  the  energy  barrier  and  to  begin  to  evolve 
in  a  fully  irreversible  way. 

To  translate  this  popular  picture,  that  successfully  ex¬ 
plains  much  of  the  results10  from  relaxation  experiments,  to 
the  present,  linear  response,  thermal  equilibrium  case,  one 
needs  to  rephrase  it  in  terms  of  equilibrium  between  nearby 
metastable  minima.  Let  us  consider  then  a  system  flipping 
between  two  nearby  free-energy  minima,  with  different  val¬ 
ues  of  magnetization.  It  is  well  known  that  such  a  system  has 
an  equilibrium  susceptibility 


cosh(A/2**r)"2r^’ 


(2) 


where  A  is  the  free-energy  difference  between  the  minima. 
The  time  constant  ris  r  =  r  /(I  +  e~Alt’T),  where  rt  is 
the  mean  lifetime  of  the  minimum  with  the  largest  energy. 
Equation  (3)  again  represents  a  simple  exponential  relaxation 
but  with  a  temperature-dependent  prefactor.  However,  by  in¬ 
tegrating  over  a  uniform  distribution  of  A  up  to  a  value  much 
larger  than  kBT,  one  easily  calculate  that  y  can  be  approxi¬ 
mated  as  V~il“’T*/l  +  ("T«)2]-  with  t,~0.74t+  and  £  a 
temperature-independent  factor. 

Let’s  now  assume  that  r,  is  distributed  over  many  orders 
of  magnitude  and  let’s  call  g(x)  the  density  distribution  of 
In  Tg .  The  imaginary  susceptibility  is  then 


X 


S(ln  Tg) 

d“T'- 


(3) 


A  frequency-independent  y  is  then  obtained  by  assum¬ 
ing,  for  instance,  that  In  r,  is  uniformly  distributed  between 
two  values  In  t,  and  In  r2  such  that  the  angular  frequency  of 
the  measurements  w  is  l/r^or'Xl/Tj.  In  this  case 
/ ~(ir/2)^ln(T|/r2)]  and  is  indeed  frequency  independent. 


The  temperature  dependence  of  y  can  then  be  ex¬ 
plained,  in  close  analogy  to  what  is  done  for  magnetic  vis¬ 
cosity  in  relaxation  experiments,10  by  assuming  that  the  hop¬ 
ping  of  the  magnetization  between  the  two  free-energy 
minima  occurs  by  thermal  activation  above  the  intervening 
energy  barrier.  In  this  case  r*  =  r0e£,t*T,  with  £  the  barrier 
height,  and  a  uniform  density  distribution  of  In  r,  reduces  to 
a  uniform  density  distribution  of  £.  In  this  case  y  is  propor¬ 
tional  to  T, 


x"-k„T- 


2  £2-£,  ’ 


(4) 


with  £,  and  £2  the  extrema  of  the  energy  density  distribu¬ 
tion. 

It  is  important  to  notice  that,  even  if  the  density  distri¬ 
bution  of  £  g(£)  is  not  exactly  a  uniform  one,  y  can  still  be 
a  very  weak  function  of  to.  On  the  contrary  the  temperature 
dependence  in  this  case  can  significantly  differ  from  the 
simple  proportionality  above.  For  instance  a  power  law  dis¬ 
tribution  g(£)«£~  8  gives  origin  to  an  approximately  loga¬ 
rithmic  dependance  of  y  on  u  while  y  depends  on  the 
temperature11  as  T'~‘.  Such  a  distribution,  with  $“«0.5, 
would  clearly  fit  our  data. 

A  transition  from  thermal  activation  to  quantum  tunnel¬ 
ing  would  make  re,  and  then  y,  temperature  independent. 
Our  data  indicate  that  such  a  crossover,  if  any,  has  to  take 
place  at  Tf  <  1 . 1 4  K. 

Experiments  below  1  K,  as  well  as  with  samples  with 
expected  crossover  temperatures  above  1  K,  are  now  planned 
to  help  clarifying  this  problem. 
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Time-dependent  phenomena  at  low  temperature  In  magnetic  digital 
compact  cassette  tape 

X.  X.  Zhang  and  J.  Tejada 

Facultat  de  Fisica,  Universiuu  de  Barcelona,  Diagonal  647,  08028  Barcelona,  Spain 

lo  this  paper  we  report  on  the  low-temperature  magnetic  relaxation  of  Cr02  particles  of  digital 
compact  cassette  tapes.  The  observed  temperature  dependence  of  the  magnetic  viscosity,  S—dMI 
dial,  shows  three  different  regimes  below  room  temperature.  The  most  remarkable  is  that  for  T -  5 
K,  S(T)  remains  constant,  suggesting  the  occurrence  of  macroscopic  quantum  tunneling  of 
magnetization. 


I.  INTRODUCTION 


Magnetic  relaxation  phenomena  is  a  natural  consequence 
of  the  existence  of  metastable  states  having  a  lifetime  com- 
paraole  to  the  observation  time  lO'-lO4  s.  The  change  in  the 
magnetization  which  follows  the  change  in  the  applied  mag¬ 
netic  field  at  temperature  T<TB  is  given. 1 


Af(r)  =  Af(r„) 


(1) 


where  {U)  is  the  average  energy  barrier  which  determines 
the  blocking  temperature  TB  in  the  static  M(T,H)  measure¬ 
ments:  T B  corresponds  to  the  temperature  at  which  appears  a 
peak  in  the  zero-field  cooled  magnetization  data  as  due  to 
random  orientations  of  the  anisotropy  directions;  l0  is  a  con¬ 
stant,  and  the  magnetic  viscosity  S(T)  is  defined'  as 
S(T)-K„T/(U). 

The  ln(t)  dependence  of  the  remanent  magnetization  is 
expected  for  a  complex  system  like  these  of  recording  media 
which  are  formed  by  small  particles  with  a  broad  distribution 
of  barrier  heights.2’3 

As  the  temperature  goes  down  the  stability  of  the  mag¬ 
netic  system  increases  as  a  consequence  of  the  supression  of 
thermal  decay  of  the  metastable  states.  However,  in  some 
cases,  at  low  temperature  the  magnetic  relaxation  is  quantum 
underbarrier  decay4  "’  and  the  relaxation  law  is  independent 
of  temperature.1-6,7  Therefore,  in  some  cases,  at  very  low 
temperatures  quantum  effects  constitute  the  most  important 
sources  of  instability  of  small  particles  used  in  recording 
media. 


in  Table  I  corresponds  to  the  field  at  which  appears  a  cusp  in 
the  second  diff-rential  of  the  hysteresis  loop.  The  energy 
barrier  values  involved  in  the  low-temperature  relaxation  ex¬ 
periments  are  those  corresponding  to  particles  with  coercive 
field  larger  than  the  applied  field.  Therefore  the  SFD  is  fully 
related  to  the  density  of  energy  barriers. 

Before  commenting  our  relaxation  experiments,  we 
would  like  to  stress  that  our  experiments  have  been  in  part 
suggested  by  reading  very  interesting  papers  of  Oseroff 
el  ail 8-9  Charap,10  Chantrell,"  and  Sharrock12  who  have  dis¬ 
cussed  in  detail  many  questions  existing  in  the  relaxation  of 
recording  media.  The  main  point  of  the  papers  of  Oseroff 
era/. 8,6  and  Charap10  was  to  try  to  explain  the  apparent  ex¬ 
trapolation  of  their  data  for  S  to  a  finite  value  at  T =0.  As  we 
show  later,  our  results  are  in  quaiitive  agreement  with  their 
data,  but  in  our  case  the  appearance  of  the  plateau  for  the 
viscosity  is  much  more  clear  because  we  have  recorded  data 
below  4  K.  In  any  case,  only  those  S(T)  data  corresponding 
to  temperatures  T<TB  can  be  extrapolated  to  T=0  K  to 
estimate  S(0). 

The  relaxation  experiments  were  done  by  applying  a 
field  H2  (-500,  -800,  -900  Oe)  after  saturating  the  sample 
at  //,= 5000  Oe.  The  first  measurement  of  the  magnetization 
was  taken  100  s  after  the  change  of  the  field.  In  Fig.  2  we 
show,  in  logarithmic  scale,  the  variation  with  time  of  the 
remanent  magnetization,  at  different  temperatures  and  in  Fig. 
3  we  plot  the  magnetic  viscosity  S(7~)3s(  VM0)dM/dla  l  as 
a  function  of  temperature.  The  relaxation  of  the  remanent 
magnetization  follows  the  !og(r)  law,  as  we  expected  in  the 
case  of  a  broad  distribution  of  energy  barriers. 


II.  EXPERIMENTAL  AND  RESULTS 

The  materials  studied  in  this  work  are  commercial  mag¬ 
netic  tapes  containing  Cr02  particles.  The  electron  micro¬ 
scope  study  has  shown  that  these  particles  have  an  elongated 
shape  with  the  average  short  semiaxis  about  300  A  and  the 
long  semiaxis  about  1500  A.  The  x-ray  study  revealed  the 
crystalline  structure  on  a  scale  not  exceeding  400  A. 

The  magnetic  measurements  were  carried  out  using  a 
SHE-SQUID  magnetometer.  Hysteresis  measurements  at  dif¬ 
ferent  temperatures  were  performed  in  order  to  get  the  varia¬ 
tion  with  temperature  of  the  coercive  field  Hc ,  the  anisot¬ 
ropy  field  Hk,  the  remane  nee  magnetization  Mr,  and 
switching  field  distribution  (SFD).  In  Fig.  1  we  show  the 
M(H)  data  at  T= 2  K  and  in  Table  I  we  give  the  values  of 
Hc,  Ht t,  R  =  Mr/M,,  and  SFD  at  2  K.  The  HK  value  listed 


FIG.  1.  Hysteresis  curve  obtained  at  T --2  K. 
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TABLE  I.  Value*  of  Hc,  tf„  R  =  UMi<  and  SFD  AX  2  K. 


r  (Ki 

tf*  (Oc) 

Hc  (Oe) 

R 

SFD 

2 

12000 

1125 

0.878 

0.400 

The  magnetic  viscosity  data  show  the  following  features: 

(1)  S(T)  presents  a  maximum  at  Te  which  corresponds 
to  the  blocking  of  the  average  barrier  of  the  relaxing  par¬ 
ticles.  This  maximum  shifts  to  lower  temperatures  as  the 
field  W,  increases  from  -500  to  -900  Oe.  The  maximum  of 
S  at  T„  reflects  the  fact  that  for  temperatures  T>  TB ,  the 
major  parts  of  barriers  are  overcome  with  a  switching  time 
smaller  than  the  experimental  time  and  consequently  the 
magnetic  viscosity  decreases.  This  is  in  agreement  with  re¬ 
sults  obtained  in  computer  simulation  studies  of  magnetic 
relaxation  in  anisotropic  magnetic  systems. 

(2)  The  values  S(T)  increase  when  increasing  H2  as  a 
consequence  of  the  reduction  of  the  average  energy  barrier 
[see  Eq.  (1)]. 

(3)  At  temperature  T<TB,  the  relaxing  fraction  of  the 
total  magnetization  is  still  large  and  the  magnetic  viscosity 
does  not  depend  linearly  on  temperature. 

(4)  At  temperature  T<  T„  the  relaxing  fraction  of  the 
total  magnetization  is  very  small  and  S(T)  is  almost  propor¬ 
tional  to  temperature  indicating  that  the  magnetic  viscosity 
goes  via  statistically  independent  individual  events  occuring 
rather  far  from  each  other. 

(5)  S(T)  presents  an  almost  fiat  behavior  at  low  tempera¬ 
ture  with  a  nonzero  intercept  of  its  extrapolation  to  0  K 
which  in  our  opinion,  constitutes  the  evidence  of  quantum 
magnetic  relaxation.  The  temperature  Tc  at  which  appears 
the  plateau  for  the  S(T)  values  decreases  as  the  value  of  H2 
increases;  fc-4.5  K  when  //2=~ 800  Oe  and  Tc~ 3  K 
when  H2-  -900  Oe.  Concerning  the  physical  mechanism  of 
the  relaxation,  we  believe  that  the  most  plausible  one  is  the 
uniform  rotation  of  the  magnetic  moment  in  single-domain 
particles.  In  this  case  and  assuming  that  our  particles  have 


6.5 

lnt(s) 


FIG.  2.  Variation  of  remanent  magnetization  with  rime  at  different  tempera¬ 
tures  (Hz~  -800  Oe). 
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FIG.  3.  Low-temperature  S(T)  curves  for  the  relaxation  processes  when  (a) 
H2=  -800  Oe  and  (t>)  //2=  -9 00  Oe. 

uniaxial  anisotropy  barriers,  the  crossover  temperature  from 
classical  to  quantum  is2  kBTcn-/j.BHKeu2,  where 
Hk“12  000  Oe,  and  e=l  ~H2/HK .  We  have  found  the  ex¬ 
perimental  value  of  Tc  agrees  qualitatively  with  the  theoreti¬ 
cal  expectation. 
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We  report  measurements  of  relaxation  rate  of  the  remanent  magnetization  versus  temperature  tor 
NiFe:Oj  particles  coated  with  the  surfactant  oleic  acid.  It  has  been  reported  that  the  organic  coating 
induces  a  strong  surface  anisotropy  resulting  in  surface  spin  canting  and  anomalous  hysteresis 
properties  at  low  temperature  as  compared  to  the  bulk  material.  We  have  measured,  at  temperatures 
down  to  400  mK,  relaxation  of  remanent  magnetization  which  extrapolates  to  a  nonzero  value  at 
zero  temperature.  Macroscopic  quantum  tunneling  at  these  temperatures  has  been  predicted  and 
observed  only  for  materials  with  high  magnetocrystalline  anisotropy,  so  it  is  particularly  interesting 
to  observe  it  in  NiFe204,  which  has  a  relatively  low  bulk  anisotropy.  It  is  suggested  that  the  strong 
surface  anisotropy  induced  by  the  organic  coating  may  be  responsible  for  tunneling  in  these 
particles. 


I.  INTRODUCTION 

The  possibility  of  a  macroscopic  ensemble  of  atomic 
magnetic  moments  collectively  passing  through  an  effective 
energy  barrier  much  larger  than  the  tnermal  energy,  i.e.,  mac¬ 
roscopic  quantum  tunneling  (MOT),  has  recently  been  devel¬ 
oped  theoretically  by  a  number  of  authors.1  '  The  canonical 
experiment  for  observation  of  MQT  is  a  relaxation  measure¬ 
ment  on  a  collection  of  magnetic  grains  or  particles,  where  a 
field  is  applied  and  reversed  or  removed  and  the  magnetiza¬ 
tion  decay  with  time  is  measured.  The  theory  of  thermally 
activated  decay4,5  predicts  a  relaxation  rate  proportional  to 
temperature  at  low  temperatures.  The  signatures  of  MOT  in 
such  an  experiment  are  a  nonzero  relaxation  rate  at  zero- 
temperature  and  a  low-temperature  regime  with  temperature- 
independent  relaxation  rate.  It  is  predicted  theoretically3  that 
the  crossover  temperature  from  thermal  activation  regime  to 
quantum  tunneling  regime  scales  with  the  component  of 
magnetic  anisotropy  normal  to  the  easy  axis,  so  tunneling 
should  be  observable  at  experimentally  accessible  tempera¬ 
tures  only  for  materials  with  high  anisotropies. 

There  have  been  a  number  of  reports  of  low-temperature 
relaxation  measurements  consistent  with  MQT  in  particulate 
systems  such  as  Tb05Cea5Fe2,6  CoFe^,  and  FeC.7  These 
materials  exhibit  fairly  high  bulk  magnetocrystalline 
anisotropies,  so  the  observation  of  tunneling  is  consistent 
with  the  requirement  of  high  anisotropy.  We  report  measure¬ 
ments  on  NiFej04,  which  has  a  relatively  low  bulk  anisot¬ 
ropy,  but  exhibits  very  high  effective  anisotropy  fields  in 
surfactant  coated  particle  form.  These  high  anisotropy  fields 
may  be  due  to  the  strong  interaction  of  the  surface  spins  with 
the  organic  surfactant  coating,  or  may  be  an  intrinsic  prop¬ 
erty  of  the  particle  surface.  The  modeling  of  tunneling  in  this 


material  may  require  consideration  of  surface  anisotropies  in 
addition  to  crystalline  anisotropies. 


II.  EXPERIMENT 

The  fine  particle  samples  were  produced  by  grinding 
coarse  powder  (1-2  gm)  of  high-purity  NiFe204  in  a  ball 
mill  containing  an  equal  mass  of  the  surfactant  oleic  acid, 
and  a  kerosene  carrier  liquid.8  ''  The  milling  was  carried  out 
for  1000  h,  and  the  fine  particle  component  was  extracted  by 
centrifugation.  It  was  determined  by  transmission  electron 
microscopy  (TEM)  studies  and  x-ray  diffraction  line  widths 
that  the  average  particle  size  is  70  A,  with  a  dispersion  of 
about  50%.  High-resolution  TEM  studies  on  an  identically 
prepared  CoFe204  sample  showed  that  the  cubic  spinel  struc¬ 
ture  was  preserved,  and  that  the  particles  are  for  the  most 
part  equiaxed  single  crystals.10  The  samples  were  washed  of 
excess  surfactant  and  dried.  A  monolayer  of  surfactant  re¬ 
mains  strongly  bonded  to  the  particle  surfaces,  and  has  been 
proposed  to  cause  a  surface  spin  canting  which  reduces  the 
net  magnetization  of  the  material.8,9  The  powders  were 
pressed  in  silver  foil  to  immobilize  them. 

Magnetization  measurements  were  performed  using  a 
commercial  Quantum  Design  superconducting  quantum  in¬ 
terference  device  (SQUID)  magnetometer  down  to  3  K,  and 
a  Faraday  balance  magnetometer,  equipped  with  a  ’He  re¬ 
frigerator,  down  to  400  mK.  In  the  SQUID  magnetometer, 
temperature  was  measured  by  a  germanium  resistance  ther¬ 
mometer  calibrated  for  magnetoresistive  shifts.  In  the  Fara¬ 
day  magnetometer,  the  temperature  was  measured  at  zero 
field  by  a  pair  of  germanium  resistance  thermometers  and 
controlled  during  field  sweeps  by  carbon  thermometers. 
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The  SQUID  is  coupled  to  a  second  derivative  coil  set 
through  which  the  sample  is  moved  and  the  resultant  signal 
is  integrated  over  the  scan.  The  measured  moment  is  a 
weighted  average  of  the  actual  moment  during  the  30  s  scan. 
The  time  we  associated  with  each  data  point  was  a  simple 
average  of  the  start  and  end  of  each  scan.  Ti  .  Faraday  mag¬ 
netometer  was  operated  in  a  differential  mode,  with  the  300 
Oe/cm  gradient  field  being  reversed  for  each  data  point,  thus 
minimizing  long  term  drift.  Similarly,  the  time  we  associated 
with  each  data  point  was  an  average  of  the  times  of  positive 
and  negative  readings. 

Before  relaxation  measurements,  the  samples  were  de¬ 
magnetized  at  room  temperature  and  cooled  in  zero  field  to 
the  measurement  temperature.  A  field  of  60  kOe  was  applied 
and  then  brought  to  zero.  The  magnetization  was  measured 
for  6000-60  000  s  following  removal  of  the  field.  l\vo  dif¬ 
ferent  methods  were  used  to  bring  the  field  to  zero.  One  was 
to  ramp  the  current  to  zero  in  a  period  of  5-10  min,  the  other 
was  to  quench  the  superconducting  magnet  from  high  field  in 
a  controlled  manner,  which  takes  6  s.  The  quench  method 
was  only  possible  with  the  SQUID  magnetometer,  and  the 
time  required  for  the  quench  to  occur  was  determined  by  a 
magnetoresistive  sensor.  The  time  r=0  was  defined  as  the 
time  at  which  the  field  reached  zero.  In  most  cases,  runs  at 
several  temperatures  were  performed  during  a  single  cool¬ 
down.  In  these  cases  we  always  cooled  to  the  lowest  tem¬ 
perature  before  applying  any  fields  and  warmed  monotoni- 
cally  in  zero  field  between  runs.  This  produces  an  initial  state 
similar  to  a  zero-field  cooled  state  for  subsequent  tempera¬ 
tures. 

Low-field  magnetization  versus  temperature  measure¬ 
ments  in  field  cooled  and  zero-field  cooled  states  were  made 
in  the  following  way.  The  sample  was  demagnetized  at  300 
K,  then  cooled  to  5  K  in  20  Oe  and  zero  field,  respectively. 
Then  the  magnetization  measured  in  20  Oe  at  each  tem¬ 
perature  up  to  300  K. 

lit.  RESULTS  AND  DISCUSSION 

A.  dc  magnetization 

Figure  1  shows  a  magnetization  hysteresis  loop  taken  at 
0.6  K  for  the  nickel  ferrite  sample.  It  is  interesting  to  note 
that  the  loop  remains  open  up  to  the  highest  field  (60  kOe), 
indicating  the  presence  of  anisotropy  fields  higher  than  60 
kOe.  Figure  2  shows  20  Oe  field  cooled  and  zero-field  cooled 
magnetization  as  a  function  of  temperature  measured  in  20 
Oe.  The  peak  in  the  zero-field  cooled  curve  is  generally  as¬ 
sociated  with  the  mean  superparamagnetic  blocking  tempera¬ 
ture.  The  temperature  at  which  the  curves  meet  is  the  maxi¬ 
mum  blocking  temperature,  so  that  above  this  temperature 
the  magnetization  relaxes  to  its  thermodynamic  equilibrium 
value  in  the  time  scale  of  the  measurement.  The  particles 
show  a  broad  range  of  blocking  temperatures  consistent  with 
the  observed  particle  size  distribution. 

B.  Tim*  dependent* 

The  time  dependence  of  the  remanent  magnetization  was 
6ttcd  to  the  logarithmic  function 
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FIG.  1.  Magnetization  hysteresis  loop  for  organic  coated  NiFc204  measured 
at  0.6  K.  Inset  is  the  high -fie Id  region,  showing  that  the  loop  is  not  closed. 

M(i)  =  M„(r=T0)[l-S<r)ln(r/T0)],  (1) 

which  was  proposed  by  Neels  to  describe  the  magnetization 
of  an  ensemble  of  ferromagnetic  grains  in  fields  far  from  the 
coercive  field,  where  the  “magnetic  viscosity”  is  given  by 

S{T)*Txf(t,T),  (2) 

where  /  is  a  slowly  varying  function  of  time  and  tempera¬ 
ture.  Equation  (1)  is  clearly  not  a  universal  law  for  all  time 
scales;  in  fact,  some  author  "claim  this  is  not  an  appropriate 
expression  for  any  time  scale.  However,  it  is  a  reasonable  fit 
to  our  measurements  on  the  time  scale  of  100-  60  000  s,  and 
contains  only  two  adjustable  parameters. 

Figure  3  shows  magnetization  versus  time  for  nickel  fer¬ 
rite  measured  at  5  K  in  the  SQUID  magnetometer  after 
quenching  to  zero  field.  The  curvature  in  the  data  for  low 
times  could  be  fit  by  a  shift  in  the  zero  time  by  ~30  s,  or  a 
real  deviation  from  logarithmic  dependence.  The  low- 
temperature  relaxation  data  taken  on  the  Faraday  magneto¬ 
meter  is  shown  in  Fig.  4.  Data  taken  on  both  magnetometers 


FIG.  2.  Low-field  moment  vs  temperature  for  field  cooled  and  zero-field 
cooled  states. 
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FIG.  3.  Time  decay  of  the  remanent  magnetization  at  5  K  after  a  6  a  quench 
from  high  field  to  zero,  measured  with  the  SQUID  magnetometer. 


are  summarized  in  Fig.  5,  where  we  have  plotted  fitted  val¬ 
ues  for  the  viscosity  S(T).  There  is  good  agreement  between 
the  two  sets  of  data  where  they  overlap,  and  they  indicate  a 
nonzero  extrapolation  to  zero  temperature,  inconsistent  with 
thermal  relaxation.  At  temperatures  below  2  K,  the  viscosity 
is  roughly  constant. 


FIG.  4.  Tune  decay  of  remaneni  magnetization  after  a  450  s  linear  ramp 
from  60  kOe  to  zero,  measured  at  various  (constant)  temperatures  with  the 
Faraday  magnetometer.  Some  curves  were  shifted  vertically  for  clarity. 


FIG.  5.  Temperature  dependence  of  the  magnetic  viscosity  (1/A f„)dA#/ 
d(tnr)  obtained  from  fits  of  the  Af(r)  data  to  Eq.  II). 

IV.  SUMMARY 

We  have  reported  dc  magnetization  and  magnetic  relax¬ 
ation  data  in  the  temperature  range  0.4-35  K  on  a  NiFe20, 
particulate  sample  coated  with  an  organic  surfactant.  These 
data  show  a  nonzero  extrapolation  of  the  magnetic  viscosity 
(l/M0)dM/d(ln  t)  to  zero  temperature,  indicating  a  nonther- 
mal  relaxation  mechanism.  If  the  mechanism  is  macroscopic 
quantum  tunneling,  the  bulk  magnetocrystalline  anisotropy  is 
not  high  enough  to  account  for  the  observability  of  this  tun¬ 
neling.  A  high  crossover  temperature  could  be  explained  by  a 
large  surface  anisotropy  due  to  interaction  of  surface  spins 
with  the  surfactant,  or  an  intrinsic  surface  anisotropy. 
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Quantum  tunneling  across  a  domain  wall  junction  (abstract) 
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In  this  paper,  we  discuss  a  system  that  is  appropriately  called  a  "domain  wall  junction”  (DWJ).  The 
DWi  is  a  close  analog  of  the  Josephson  junction  with  respect  to  the  usefulness  of  both  systems  in 
studying  switching  by  thermal  activation  (TA)  and  by  quantum  tunneling  (QT).  What  makes  this 
system  especially  attractive  for  experimental  and  theoretical  studies  is  that  it  is  a  single  system,  with 
a  single  set  of  parameters  that  characterizes  its  behavior.  The  essential  nature  and  behavior  of  a  DWJ 
has  been  elucidated  by  numerous  authors.1-6  We  show  through  theoretical  analysis  that  it  is  within 
our  means  to  fabricate  a  DWJ  that  should  exhibit  switching  via  quantum  tunneling  of  magnetization. 
We  further  provide  experimental  procedures  for  looking  for  quantum  tunneling  of  magnetization  in 
a  DWJ;  these  are  based  upon  those  that  have  been  used  in  observing  macroscopic  quantum  tunneling 
in  Josephson  junctions.  Two  examples  of  DWJs  have  been  recently  made  that  apparently  show  a 
crossover  from  TA  to  QT.  Results  of  these  experiments  will  be  summarized. 
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Macroscopic  quantum  tunneling  in  antiferromagnetic  horse-spleen 
ferritin  particles  (abstract) 
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In  this  paper  we  report  a  comprehensive  study  of  the  low  temperature  magnetic  relaxation  of 
nanometer-scale  antiferromagnetic  horse-spleen  ferritin  particles.  First  we  report  on  the  static 
magnetic  characterization  of  the  sample  at  low  and  high  field  in  the  temperature  interval  between  4 
and  300  K.  Secondly,  we  present  experimental  results  on  the  magnetic  relaxation  of  the  remanent 
magnetization  Af,(r)  associated  with  the  uncompensated  surface  spins  on  such  small  particles.  The 
magnetic  viscosity  Sml/Mr[dM/d  ln(f)]  is  proportional  to  temperatures  above  3  K.  At  lower 
temperatures,  the  viscosity  is  independent  of  temperature,  providing  evidence  to  quantum  tunneling 
of  the  Neel  vector. 
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Magnetism  of  thin  magnetic  layers  with  strong  anisotropy  and  quantum 
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We  report  on  the  magnetic  properties  of  Dy(r  A)/MoM  A),  DyCo(r  A)/Mo(tf  A),  and  Gd(t  Aj/Mofd 
A)  multilayers  where  d=  180  A  and  r  ranges  from  10  to  3000  A.  We  find  a  decrease  in  Tc  with 
decreasing  t,  with  the  most  rapid  decrease  occurring  for  the  Gd  system  where  the  anisotropy  is  the 
weakest.  We  have  looked  at  the  time  dependence  of  magnetization  in  the  anisotropic  systems  (Dy 
based).  At  long  times  (5X104  s)  the  magnetization  shows  a  stretched  exponential  dependence  on 
time  as  is  found  in  other  magnetically  disordered  systems.  We  have  also  looked  at  the  rate  of 
magnetic  relaxation  at  short  times  (<  1000  s)  and  find  that  it  becomes  independent  of  temperature 
below  a  temperature  in  the  range  3-6  K  depending  on  the  magnetic  layer  thickness  r.  We  shall 
consider  the  possibility  of  macroscopic  quantum  tunneling  here  and  estimate  the  temperature,  T* , 
below  which  a  system  is  expected  to  cross  over  from  thermally  activated  to  quantum  tunneling.1-2 
We  shall  also  compare  our  results  to  previous  work  on  Dy/Cu.3 
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We  summarize  our  observations  of  in-plane  uniaxial  magnetic  anisotropy  induced  in  1000  A  Ni  and 
Fe  thin  films  by  100  eV  Xe*  ion  bombardment  during  deposition.  The  anisotropy  was  measured  by 
means  of  the  magneto-optic  Kerr  effect  and  full  angular  scan  ferromagnetic  resonance.  The 
maximum  in-plane  anisotropy  field  was  150  Oe  for  Ni  and  80  Oe  for  Fe.  The  hard  direction  of 
magnetization  lies  parallel  to  the  plane  of  incidence  for  Ni  and  perpendicular  to  it  for  Fe.  An 
expansion  of  the  lattice  of  up  to  0.6%  normal  to  the  film  and  an  enhancement  of  the  fiber  texture  are 
found  in  both  cases.  This  out-of-plane  expansion  is  accompanied  by  an  in-plane  compression.  In 
addition,  a  small  in-plane  difference  in  lattice  spacings  {<0.2%)  is  found  between  directions  parallel 
and  perpendicular  to  the  plane  of  incidence  of  the  ions.  The  in-plane  uniaxial  magnetic  anisotropy 
is  attributed  to  the  in-plane  anisotropic  strain  using  a  simple  magnetoelastic  model. 


I.  INTRODUCTION 

It  has  been  found  that  in-plane  uniaxial  magnetic 
anisotropies  can  be  induced  in  magnetic  thin  films  by  tech¬ 
niques  ranging  from  deposition  in  a  magnetic  field  to  depo¬ 
sition  at  an  oblique  angle  of  incidence.1  We  have  also  shown 
that  such  an  anisotropy  can  be  generated  by  ion-beam- 
assisted  deposition  of  Ni  films.2-’  This  technique  involves 
bombarding  the  growing  film  with  low-energy  ions  (50-500 
eV)  that  arrive  at  an  angle  relative  to  the  sample  normal.  For 
1000  A  Ni  films  we  reported  uniaxial  magnetic  anisotropies, 
with  the  hard  direction  parallel  to  the  plane  of  incidence  of 
the  secondary  ions,  having  saturation  fields  as  large  as  ISO 
Oe.  The  present  work  is  intended  to  gain  insight  into  the 
mechanism  for  this  anisotropy.  We  report  here  further  mag¬ 
netic  characterization  of  our  Ni  samples  by  ferromagnetic 
resonance  (FMR),  and  investigate  the  influence  of  ion  bom¬ 
bardment  on  Fe  films.  By  studying  the  magnetic  differences 
between  Ni  and  Fe  in  combination  with  in-plane  structural 
properties  we  will  attempt  to  correlate  microstructural  modi¬ 
fications  with  the  magnetic  properties. 


II.  EXPERIMENT 

1000  A  Fe  and  Ni  films  were  deposited  by  ion-beam- 
assisted  deposition  as  described  in  detail  elsewhere.2,4  High- 
purity  Xe  gas  was  used  for  the  ion  bombardment  and  was 
incident  upon  the  growing  film  at  a  60°  angle  with  respect  to 
the  sample  normal.  The  Xe+  ion  energy  was  held  at  100  eV 
while  varying  the  incident  flux.  We  define  the  relative  flux 
ratio  A  as  the  number  of  Xe+  ions  arriving  at  the  sample  per 
deposited  atom.  Magnetic  characterization  was  performed  ex 


situ  using  a  magneto-optic  Kerr  effect  (MOKE)  apparatus 
operating  in  longitudinal  mode,  and  a  9  GHz  FMR  system. 
Structural  characterization  was  performed  by  x-ray  diffrac¬ 
tion  in  both  radial  Bragg  0-2  8  and  grazing  incidence  x-ray 
scattering  (GIXS)  geometries  in  order  to  obtain  lattice  spac¬ 
ings  and  texture  information. 


HI.  RESULTS 

Hysteresis  curves  were  obtained  for  both  Fe  and  Ni 
samples  at  different  in-plane  angles.  Figure  1  shows  the  Kerr 
rotation  for  an  Fe  sample  deposited  with  ff  =  0.22.  The 
square  loop  was  obtained  when  the  field  was  applied  in  a 
direction  that  lies  in  the  plane  of  incidence  of  the  ions.  The 
second  curve  is  indicative  of  a  hard  axis  of  magnetization 
and  was  obtained  when  the  magnetic  field  was  applied  per¬ 
pendicular  to  the  plane  of  incidence.  Samples  prepared  with¬ 
out  ion  bombardment  are  magnetically  isotropic  in  the  plane. 
The  magnitude  of  this  in-plane  uniaxial  magnetic  anisotropy 
is  given  by  the  field  required  to  saturate  the  magnetization  in 
the  hard  direction  Ha .  The  sample  in  Fig.  1  exhibited  the 
largest  anisotropy  for  Fe  with  Ha  =  80  Oe.  This  value  is  only 
half  as  large  as  for  Ni,  and,  in  contrast,  the  hard  axis  is 
oriented  perpendicular  to  the  bombardment  direction.  It  is 
this  difference  in  magnitude  and  orientation  that  will  provide 
some  keys  to  discerning  the  mechanism  of  the  anisotropy. 

We  carefully  investigated  the  variation  of  the  anisotropy 
and  coercivity  with  R  as  shown  in  Fig.  2.  For  R  values 
greater  than  0.12  we  see  an  increasing  anisotropy  up  to  a 
maximum  at  0.22  and  then  a  decrease  for  larger  values.  For 
values  below  0.06  and  from  0.35  and  above,  we  observe 
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PIO.  I.  Magneto-optic  Kerr  effect  hytteresu  loops  for  >  1000  A  Fe  film 
obtained  with  the  magnetic  field  applied  parallel  and  perpendicular  to  the 
plane  of  incidence  of  the  Xe*  ions  for  *-0.22. 

isotropic  in-plane  magnetic  behavior  as  evidenced  by  the  co¬ 
incidence  of  the  data  points. 

FMR  measurements  were  performed  on  selected  Ni 
films  reported  earlier.2-3  The  magnetic  field  could  be  rotated 
in  the  sample  plane  or  in  a  plane  normal  to  the  film  plane.  It 
is  well  known  that  this  type  of  measurement5,6  yields  com¬ 
plete  information  on  the  magnetic  anisotropies  of  a  magnetic 
thin  film.  To  fit  the  experimental  data  of  the  in-plane  mea¬ 
surement  for  a  1000  A  Ni  film  (Fig.  3)  we  use  the  resonance 
condition6  appropriate  to  our  film  structure 


M0  000  0.10  0.1S  M0  020  0J0  0.30  0.40 


R  (Xo*/Fo  atom) 

FIG.  2.  In-plane  rmiariil  anieoBopy  field  and  coercivrty  aa  functions  of  the 
rdatfvc  fin  ratio  K  for  1000  A  Fe 


FIG.  3.  In-plane  9  GHz  FMR  measurement  for  a  1000  A  Ni  film  with 
11  =  0.12.  The  solid  line  is  a  fit  according  to  Eq.  (1)  with  41*493  G, 
*=2.2.  /t=9_3  GHz,  *i  =  -5xl04  erp/an3.  *1=1.7X10*  ergs/an3, 
*,  =5x  10!  ergs. cm  ,  and  A„=30‘.  The  dotted  line  ia  the  best  passible  fit 
with*,  =  0. 

which  includes  cubic  Kt ,  and  in-plane  uniaxial  A*  contribu¬ 
tions,  and  the  out-of-plane  anisotropy  A2 .  The  axis  of  the 
uniaxial  in-plane  anisotropy  and  the  cubic  axis  are  permitted 
to  differ  by  an  angle  <(>, .  In  Fig.  3  we  show  the  best  fit  (solid 
line)  to  the  experimental  data.  As  a  result  we  find  a  weak 
cubic  anisotropy  superimposed  on  the  strong  in-plane 
uniaxial  anisotropy,  which  corresponds  to  our  earlier  MOKE 
measurements.  However,  hysteresis  loops  recorded  by 
MOKE  could  not  resolve  the  weak  cubic  contribution. 

Investigations  into  the  microstructure  of  the  Fe  samples 
were  conducted,  and  symmetric  Bragg  scans  yielded  out-of¬ 
plane  results  similar  to  those  found  for  Ni.2  We  found  that 
the  spacing  of  (110)  planes  increases  rapidly  from  its  bulk 
value  at  £=0  to  a  maximum  of  0.6%  strain  for  R>0.15. 
There  is  also  an  enhancement  of  (110)  texture  as  measured 
by  the  intensity  of  (110)  planes  as  compared  to  (100)  planes 
under  ion  bombardment.  In-plane  lattice  spadngs  and  crys¬ 
tallite  orientation  were  determined  by  G1XS.7  Radial  scans 
were  performed  near  the  critical  angle  for  Ni  and  Fe  samples 
with  the  scattering  vector  q  in  directions  both  parallel  and 
perpendicular  to  the  plane  of  incidence  of  the  Xe+  ions.  Val¬ 
ues  fot  the  average  difference  in  the  in-planc  strain  between 
parallel  and  perpendicular  are  obtained  from  the  mea¬ 
surement  of  three  in-plane  diffraction  peaks  [for  Ni:  (111), 
(200),  and  (220);  for  Fe:  (110),  (200),  and  (211)].  In  units  of 
percent  strain  these  values  are  0.05  ±0.02  for  Ni  and  0.2±0.1 
for  Fe.  It  is  important  to  note  that  while  there  appears  to  be  a 
considerable  variation  in  the  magnitude  of  the  strain  for  dif¬ 
ferent  planes,  as  reflected  in  the  error,  there  is  a  consistency 
in  sign.  That  is,  both  Fe  and  Ni  have  a  expanded  lattice 
spacing  in  the  plane  of  incidence  of  the  ions  relative  to  per¬ 
pendicular  for  all  diffraction  peaks.  There  is  also  evidence 
for  some  in -plane  crystallographic  ordering  which  we  report 
as  the  ratio  of  (111):(200)  integrated  peak  intensities  for  Ni 
and  (110):(200)  for  Fe.  This  ratio  parallel  to  the  plane  of 
incidence  is  larger  than  it  is  perpendicular  by  about  a  factor 
of  2  for  both  Fe  and  Ni.  Samples  prepared  without  ion  bom- 
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budment  show  no  evidence  of  either  in-plane  anisotropic 
strain  or  crystallographic  ordering. 

IV.  DtSCU8StON 

The  two  potential  mechanisms  for  the  observed  uniaxial 
magnetic  anisotropy  that  are  possible  based  on  our  previous 
results  are  that  the  ion  bombardment:  (a)  produces  in-plane 
preferential  orientation  of  the  crystallites  which  contributes 
through  the  magnetocrystalline  anisotropy  of  the  material  or 
(b)  generates  an  anisotropic  in-plane  strain  that  produces  a 
magnetic  anisotropy  through  inverse  magnetostriction. 

While  there  is  evidence  of  some  preferred  in-plane  crys¬ 
tallographic  orientation,  we  argue  that  the  first  mechanism 
cannot  account  for  our  observations.  The  leading  cubic  an¬ 
isotropy  tenn  Kt  is  equal  to  4.8x10s  ergs/cm3  for  Fe  and 
-0.45  x10s  etgs/cm3  for  Ni.8  We  would  expect  a  priori  that 
the  anisotropy  in  Fe  films  should  be  much  larger,  perhaps  ten 
times  larger,  than  in  Ni.  Using  bulk  magnetization  values8 
and  the  maximum  observed  anisotropy  field  we  calculate  that 
the  uniaxial  anisotropy  constant  Ku  is  0.68  X  10s  ergs/cm3  for 
Fe  films  and  0.36x10s  ergs/cm3  for  Ni.  This  difference  of 
only  a  factor  of  2  means  that  there  must  be  a  fivefold  greater 
in-plane  orientation  in  Ni  as  compared  to  Fe.  Furthermore, 
since  the  magnitude  of  the  induced  anisotropy  for  Ni  is  com¬ 
parable  to  the  bulk  K ,  value,  the  film  would  need  to  be 
nearly  perfectly  ordered  in  the  plane.  Such  an  extreme  degree 
of  orientation  is  not  possible  based  on  our  structural  data. 
Therefore,  we  find  that  magnetocrystalline  anisotropy  cannot 
be  the  primary  mechanism  for  producing  the  uniaxial 
anisotropy. 

It  is  therefore  very  probable  that  the  uniaxial  anisotropy 
is  a  consequence  of  an  inverse  magnetostrictive  effect.  An 
anisotropic  in-plane  stress  state  can  generate  a  uniaxial  in¬ 
plane  anisotropy  with  the  magnitude  given  by 

A<r 

ff„(stress)  =  3X  77- ,  (2) 

where  X  is  the  appropriate  magnetostriction  constant,  M,  is 
the  saturation  magnetization,  and  Atr  is  the  stress  differential 
between  two  orthogonal  in-plane  directions.  From  the  aver¬ 
age  anisotropic  in-plane  strain  measured  by  GIXS  we  calcu¬ 
late  an  average  anisotropic  in-plane  stress  Atr^  for  Ni  using 
bulk  elastic  constants9  in  the  (111)  plane.  For  this  orientation 
we  use  Xln=-24X10_S,  and  the  bulk  magnetization  and 
obtain  an  anisotropy  field  of  150  Oe.  This  result  is  in  excel¬ 
lent  agreement  with  our  experimental  observation.  Also,  the 
orientation  of  the  hard  axis  agrees  with  our  results.  Since  X  is 
always  negative  for  Ni,  the  hard  direction  should  lie  parallel 
to  the  plane  of  incidence  of  the  ions  because  this  direction  is 
expanded  relative  to  perpendicular.  Calculations  made  using 
isotropic  elastic  and  polycrystalline  magnetostriction  con¬ 
stants  (£ = 200  GPa  and  kp=  -33X10-6)  yield  similar  re¬ 
sults  [/f,(stress)=200  Oe].  The  results  are  comparable  be¬ 
cause  die  two  magnetostriction  constants  for  Ni  have  the 
same  sign  and  tire  (111)  plane  is  elastically  isotropic. 

The  calculation  for  Fe,  however,  is  complicated  by  the 
equal  magnitude  but  different  sign  of  the  two  magnetostric¬ 


tion  constants8  (X1S0=  +21  x  1(T‘,  Xn,  =  -21  x  10"6)  and  the 
elastically  anisotropic  nature  of  the  (110)  plane.  Therefore, 
the  form  of  the  solution  is  more  complicated  than  Eq.  (2)  and 
has  been  detailed  elsewhere.10  Using  bulk  elastic  constants 
and  our  in-plane  structural  data,  we  again  calculate 
H,( stress)  and  find  that  the  orientation  of  the  easy  axis  is 
independent  of  the  direction  of  the  ion  bombardment  within 
the  (110)  plane.  Therefore,  crystallites  of  this  orientation  will 
not  contribute  to  the  uniaxial  anisotropy  that  we  observe.  If 
we  instead  calculate  the  anisotropy  due  to  an  in-plane  aniso¬ 
tropic  strain  in  a  (100)  plane  we  find  that 

„  .  .  ,  (^ll'Ci2)A<m 

H,(  stress)  =  3X100 - — - ,  (3) 

At, 

where  are  the  bulk  elastic  constants  for  Fe.  This  crystal 
orientation  yields  an  anisotropy  field  of  70  Oe.  This  result 
agrees  quantitatively  with  our  magnetic  observations  and 
also  produces  the  correct  orientation  of  the  uniaxial  anisot¬ 
ropy.  Since  X100  is  positive,  and  ail  other  terms  have  the  same 
sign  as  for  Ni,  the  hard  direction  of  magnetization  lies  per¬ 
pendicular  to  the  plane  of  incidence.  Although  we  have 
found  an  increased  (110)  texture  for  Fe  films  prepared  under 
ion  bombardment,  it  is  possible  that  the  minority  (100) 
grains  are  responsible  for  the  anisotropy.  Considering  bow 
sensitive  the  calculation  of  the  anisotropy  due  to  magneto¬ 
striction  is  to  the  microstructure,  further  attempts  to  fully 
characterize  the  structure  of  these  films  are  necessary.  None¬ 
theless,  we  are  able  to  reproduce  the  correct  magnitude  and 
orientation  for  the  uniaxial  in-planc  magnetic  anisotropy  in 
Ni  and  Fe  through  inverse  magnetostriction,  and  we  there¬ 
fore  conclude  that  it  is  the  most  probable  mechanism. 
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Simultaneous  magnetization  and  linear  magnetostriction  measurements  have  been  performed  on  a 
0.1 -mm- thick  polycrystalline  nickel  film.  First  magnetization  and  hysteresis  loop  type  experiments 
are  repotted.  The  magnetostriction  versus  magnetization  behavior  appears  to  follow  an  approximate 
M*  law,  and  to  exhibit  a  weak  but  clear-cut  hysteresis.  Moreover,  the  film  shape  is  changed  by  the 
applied  magnetic  field  as  the  saturation  magnetization  is  approached.  Magnetostriction  has  also  been 
measured  as  a  function  of  the  applied  field  direction  for  both  saturation  and  intermediate 
magnetization  states.  Hysteresis  effects  appear  in  the  second  case.  These  results  are  interpreted  in 
terms  of  domain  wall  motion  and  magnetization  reorientation  mechanisms  within  each  domain. 


I.  INTRODUCTION 

Discrepancies  between  magnetic  measurements  and 
theoretical  models  are  sometimes  attributed  to  magnetostric- 
tive  coupling  between  crystallites.  In  order  to  clarify  this 
point  and  to  estimate  the  amplitude  and  effectiveness  of  such 
couplings,  we  have  undertaken  an  experimental  and  theoreti¬ 
cal  work  dealing  with  interfilm  magnetostrictive  effects.  The 
present  article  reports  part  of  this  work,  dealing  with  the 
magnetostriction  effects  in  a  single  sample.  The  experiments 
have  been  performed  on  a  nickel  sample,  since  this  metal 
exhibits  relatively  large  magnetostriction  effects.  Moreover, 
the  sample  has  been  given  a  sheet  form,  since  it  will  be  used 
later  on  for  coupling  studies. 

N.  EXPERIMENTAL  CONSIDERATIONS 

Experiments  have  been  performed  on  a  very  high-purity 
nickel  sample  (Johnson-Matthey,  Grade  l-m4N7).  The  cir¬ 
cular  sample  (diameter:  18  mm,  thickness:  0.1  mm)  is  cut 
from  a  foil  obtained  by  cold  rolling,  without  annealing.  As  a 
result  of  cold  rolling,  the  polycrystalline  structure  exhibits  a 
significant  structure.  A  Bragg  diffractogram  obtained  with 
Co  Kai  x  radiations  has  given  the  following  relative  line 
intensities  (111):  10.4,  (200):  60.7,  (220):  100.0,  (311):  21.3, 
instead  of  100,  42,  21,  and  20  respectively  for  the  isotropic 
random  crystallite  distribution. 1  The  anomalous  large  relative 
intensity  of  the  (110)  ray  indicates  that  the  proportion  of 
crystallites  with  their  (110)  planes  parallel  to  the  film  surface 
is  much  larger  than  in  a  purely  random  distribution.  This 
preferential  orientation  may  be  attributed  to  the  cold  rolling 
to  which  the  sample  has  been  submitted.  However,  since  the 
line  widths  estimation  leads  to  an  approximate  crystallite 
size  0.06  pm,  this  could  affect  the  crystallites  close  to  the 
surface  only.  Moreover,  hysteresis  loops  determined  with  the 
magnetic  field  applied  along  various  directions  parallel  to  the 
sample  surface  may  be  fully  superimposed  to  within  experi¬ 
mental  errors.  Thus,  the  sample  seems  to  exhibit  no  in-plane 
crystallite  distribution  anisotropy. 

The  experimental  work  essentially  consists  in  the  simul¬ 
taneous  determination  of  the  magnetization  and  die  relative 


magnetostriction  or  SL  measured  parallel  or  normal  to  the 
applied  field.  Due  to  the  uncertainties  of  the  relation  between 
the  applied  and  internal  magnetic  field,  in  a  sample  which  is 
not  limited  by  an  exactly  quadric  surface,  it  is  better,  and  of 
more  fundamental  significance  to  relate  the  magnetostrictive 
effects  to  the  magnetization  itself  instead  of  to  the  applied 
field.  Since  the  sample  is  initially  demagnetized,  and  due  to 
the  in-plane  isotropic  crystallite  distribution,  magnetization 
should  lie  along  the  applied  field.  The  magnetization  mea¬ 
surements  have  been  performed  using  an  EG&G  4500  vi¬ 
brating  sample  magnetometer.  The  magnetostriction  effects 
are  deduced  from  the  relative  resistance  variations  of  a  strain 
gauge.  In  order  to  avoid  direct  magnetic  field  effects,  we 
have  used  specific  field  insensitive  strain  gauges  (Vishay- 
Micromesures,  H06A-AC1-125-700).  Direct  field  influence 
estimation  shows  that  it  is  mote  than  1%  of  the  order  of 
magnitude  of  the  pertinent  observed  effects.  In  order  to 
eliminate  thermal  effects  due  to  Joule  heating  of  the  700  (1 
strain  gauge  on  the  sample,  an  additional  strain  gauge  was 
similarly  cemented  on  to  the  surface  of  an  identical  sample 
not  subjected  to  the  magnetic  field.  These  two  strain  gauges 
formed  adjacent  legs  of  a  Whcastone  bridge.  The  remaining 
legs  are  two  nearly  700  ft  resistors,  one  of  them  being  ad¬ 
justable  in  order  to  balance  the  bridge.  Practically,  the  bridge 
is  balanced  at  the  beginning  of  each  experiment,  and  the 
strain  variations  are  considered  to  be  directly  proportional  to 
the  bridge  unbalanced  voltage. 


HI.  EXPERIMENTAL  RESULTS 

The  behavior  of  the  parallel  magnetostriction  versus 
the  reduced  magnetization  M/M ,  (referred  to  the  saturation 
magnetization  M,)  is  shown  in  Fig.  1  for  the  first  magneti¬ 
zation  process  and  the  hysteresis  loop.  A  slight  but  well  de¬ 
fined  and  symmetrical  hysteresis  is  observed.  Moreover,  the 
<S|  vs  (M/M,)*  plot  (Fig.  2)  suggests  that  a  M°  law,  with  a 
close  to  4  very  conveniently  describes  the  phenomenon  at 
least  for  M  larger  than  MJ 2,  i.e.,  when  the  hysteresis  effects 
are  significantly  smaller. 
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FIG.  1.  Dependence  of  ike  peraikt  magnetoatrictive  mala  3)  oc  the  relative 
magnetization  M/M, .  Wkite  points:  Dm  magnetization  curve.  Block  potnrr. 
byaeercaia  loop  (see  snows). 

Similarly,  the  behavior  of  die  magnetostriction  SL ,  nor¬ 
mal  to  the  magnetization  is  shown  in  Fig.  3  as  a  function  of 
the  reduced  magnetization.  A  vs  (M/M,)4  plot  (not  re¬ 
ported  here)  also  supports  a  M*  law  for  M  larger  than  MJ2. 
It  must  also  be  noticed  that  apart  from  a  well-defined  sym¬ 
metrical  hysteresis  effect,  which  may  be  correlated  to  the 
previous  one,  the  normal  strain  does  not  exhibit  a  constant 
sign  when  the  applied  field  is  reduced  from  the  maximum 
down  to  the  coercive  value.  A  sign  change  occurs  when  the 
magnetization  is  reduced  to  nearly  0.63Af, .  Finally,  it  must 
be  underlined  that  the  maximum  parallel  and  normal  strains 
(-28.7±0-5X10~6  and  U.3±0.5X1(T4)  are  in  a  ratio  close 
to  -2.5  instead  of  -2  as  expected  for  a  polycrystalline 
sample  exhibiting  an  isotropic  distribution  of  the  crystal 
axes. 

In  order  to  clear  up  the  hysteresis  effects,  we  have  de¬ 
termined  the  strain  variations  along  a  definite  direction  of  the 
sample,  as  a  function  of  the  applied  field  direction  for  a  field 
large  enough  for  saturating  the  sample  (2000  Oe),  and  an 
intermediate  one  (60  Oe)  which  corresponds  to  a  relative 
magnetization  0.45,  associated  with  the  maximum  hysteresis 
in  both  the  parallel  and  normal  determinations.  The  sample  is 
first  demagnetized  using  an  alternating  decreasing  field  ap¬ 
plied  along  the  strain  gauge  measurement  direction.  The  ap¬ 
plied  field  is  increased  until  the  magnetization  reaches  the 
desired  value  without  rotating  the  sample.  Then,  the  sample 
is  rotated  step  by  step  forward,  19  to  a  complete  turn,  and 
then  backward.  The  strain  is  measured  for  each  angle  0  be- 


FK5  2.  Dipnaitencc  of  the  parade!  wagactoertictive  drain  4,  on  ( HIM ,)*. 
White  points:  81st  magnetization  cove.  Black  points  hysteresis  loop. 
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FIG.  3.  Dependence  of  the  normal  magnetostrictivc  strain  A  00  the  relative 
magnetisation  M/1 If, .  White  points:  first  magnetization  curve.  Black  points: 
hysteresis  loop  (see  snow). 

tween  the  initial  and  current  field  orientation.  The  results  are 
shown  in  Figs.  4  and  5  for  the  saturation  and  intermediate 
magnetization  case,  respectively.  In  the  saturation  case,  a 
Fourier  analysis  of  the  experimental  results  indicates  well- 
defined  a+b  sin(2(0+*)]  laws,  with  a=  -6.56X  10~6, 
b=  19.53X  10~6,  *=-43.9°;  and  a= -6.77X  10"6, 
6  =  19.23x  10'6,  *=  -44.3°,  for  the  forward  and  back¬ 
ward  rotation  experiments,  respectively.  These  differences 
are  definitely  within  the  measurement  errors.  Thus,  as  ex¬ 
pected,  no  strain  versus  magnetization  orientation  hysteresis 
is  detectable  when  the  sample  is  saturated.  In  the  so-called 
intermediate  magnetization  case,  the  magnetization  appears 
to  keep  a  nearly  constant  value  along  the  applied  field,  in 
agreement  with  the  fact  that  the  magnetization  direction  lies 
at  a  constant  angle  with  respect  to  the  applied  field,  except  in 
the  first  rotation  steps,  where  the  magnetic  torque  is  too 
Weak.  On  the  other  hand,  the  results  are  not  so  clear  for  the 
strain  measurements,  essentially  due  to  the  smallness  of  the 
values  we  deal  with.  However,  the  experimental  results  may 
be  again  Fourier  analyzed,  in  order  to  extract  the  significant 
effects  from  the  noise.  The  results  of  this  analysis  are 
o=-2.14X10_s,  b=0.66xl0-6,  *=-26.6°;  and 

0  =  -  1.85X  10-6,  b=0.64XI0'6,  *=58.6°,  for  the  for¬ 
ward  and  backward  rotations.  Despite  the  relative  impor¬ 
tance  of  the  noise,  the  dose  b  values,  and  the  fact  that  the  * 
angles  are  roughly  opposite,  are  indications  that  we  are  deal¬ 
ing  with  a  definite  hysteresis  effect. 


FIG.  4.  Angular  dependence  at  the  parallel  magnetoutiictive  mam  dj  for 
M -M,  Round  poruca:  forward  ran.  Square  points:  backward. 
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FIG.  5.  Angular  dependence  at  the  parallel  tnagnctoetnctive  strain  <5j  foe 
M  “0.45M, .  Round  points:  forward  run  Square  points:  backward. 

IV.  DISCUSSION 

Assuming  a  uniform  distribution  of  the  magnetization 
directions  in  the  demagnetized  state,  the  isotropic  saturation 
strain  X,  is  given  by  the  S |  value  in  the  saturation  experi¬ 
ments,  i.e.,  -28.7±0.5xl0“6.  This  value  lies  within  the 
ones  usually  reported2'4  for  polycrystalline  samples 
(-25X10*6  to  -47X10'6).  However,  it  must  be  noticed 
that  the  Sf/S1  ratio,  which  is  close  to  -2 .5,  is  not  consistent 
with  such  an  assumption.  We  assume,  as  a  very  crude  de¬ 
scription,  that  the  moments  in  the  crystallites  may  only  lie 
along  the  x,  y,  or  z  axis  (jr  and  y  being  the  sample  plane,  and 
z  being  normal)  and  that  in  the  demagnetized  state,  the  cor¬ 
responding  volume  proportions  are  p,p',  and  1  -p-p',  it  is 
easily  shown  that  the  S^/SL  ratio,  when  the  saturation  is  per¬ 
formed  along  the  x  direction,  is  linked  to p  and p'  by  Eq.  (1). 

ty6L-(p-\)lp'.  (1) 

Assuming  p=p'  in  the  demagnetized  state,  as  suggested  by 
the  mentioned  in-plane  isotropy,  the  experimental  ratio  is 
accounted  for  by  the  values  p=p'  =  0.29.  This  is  an  indica¬ 
tion  that  the  moments  lie  closer  to  the  direction  normal  to  the 
plane  than  to  in-plane  directions.  Actually,  since  the  crystal¬ 
lites  arc  significantly  smaller  than  the  sample  thickness,  one 
could  at  most  imagine  that  the  moments,  despite  demagne¬ 
tizing  field  effects,  are  equally  distributed  along  all  the  avail¬ 
able  directions.  On  the  other  hand,  the  cold  rolling  which 
induces  at  least  surface  crystallite  orientations  may  induce 
some  kind  of  surface  anisotropy,  which,  in  its  turn,  may  fa¬ 
vor  normal  magnetization. 

The  next  point  to  discuss  is  the  quasi-Af 4  strain  behavior. 
Heisenberg3  considering  that  the  domain  distribution  is  gov¬ 
erned  by  probability  considerations  consistent  with  the  ob¬ 
served  magnetization  along  the  applied  field  predicts  a  rather 


regular  strain- magnetization  behavior.  Akulov4  a»mr«ts  that, 
in  iron  single  crystals,  the  first  magnetization  changes,  as  the 
field  increases,  take  place  by  180°  reversal  on  the  domains 
oriented  opposite  to  the  field.  Bozorth7  emphasizes  that  this 
may  be  a  consequence  of  weak  internal  strains,  which  as  we 
have  shown  may  be  present  in  our  sample.  Such  a  reversal 
does  not  affect  the  magnetostriction  state.  As  a  resu'i,  most 
of  the  field-induced  strain  is  delayed  to  larger  values  of  the 
magnetization,  when  90°  (or  nearly  so  for  nickel)  wall  mo¬ 
tions  set  on.  Then  the  deformation  must  vary  more  rapidly  in 
order  to  catch  up  to  its  ultimate  value.  This  evolution  of  the 
process  results  in  an  original  strain  versus  magnetization  be¬ 
havior.  Although  it  appears  to  remain  conveniently  described 
by  a  M“  law,  a  is  significantly  larger  than  2  (actually  close 
to  4). 

This  may  be  consistent  with  the  strain-magnetization  ob¬ 
served  hysteresis.  As  the  field  is  reduced  from  its  maximum 
value,  Dearly  90°  wall  motion  first  occurs,  giving  ris.  to  a 
relatively  rapid  algebraic  increase  of  the  parallel  strain  dj. 
Then,  due  to  the  coercive  field,  the  magnetization  is  reversed 
in  the  domains  magnetized  opposite  to  the  field  direction, 
whereas  the  moment  rotation  which  begins  to  take  place  in 
the  other  domains  is  now  accompanied  by  a  parallel  strain 
decrease.  The  complementary  phenomenon  is  observed  on 
the  perpendicular  strain  SL .  It  must  be  noticed  that  the  ob¬ 
served  butterfly  shape  of  these  hysteresis  curves  results  from 
the  quadratic  magnetization  dependence  of  the  strains. 

V.  CONCLUSIONS 

We  have  evidenced  various  strain-magnetization  hyster¬ 
esis  effects  in  the  polycrystalline  nickel  sample  under  inves¬ 
tigation.  It  has  been  shown  that  the  observed  relations  be¬ 
tween  strain  and  magnetization  variations  may  be  explained 
on  the  basis  of  statistical  uniaxial  anisotropy,  probably  in¬ 
duced  by  cold  rolling  the  polycrystalline  sample.  Further  ex¬ 
periments  including  simultaneous  normal  and  parallel  strain 
and  magnetization  measurements  are  presently  in  progress, 
as  well  as  an  analysis  on  the  basis  of  recent  works  on  mag¬ 
netization  processes  and  magnetostriction  in  polycrystalline 
materials.8,9 
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Method  for  determining  both  magnetostriction  and  elastic  modulus 
by  ferromagnetic  resonance 

\  0.  McMichaet 

National  Institute  of  Standards  and  Technology,  Gaithersburg,  Maryland  20899 

The  magnetostriction  constant  Ks  includes  a  combination  of  both  elastic  constants  cI(  and 
magnetoelastic  coupling  constants  B, .  To  provide  informal ion  on  both  c,j  and  B , ,  a  method  for 
measurement  of  both  X,  and  the  elastic  modulus  Y  of  thin  films  has  been  developed  using 
omagnetic  resonance  (FMR).  As  in  prior  FMR  schemes  for  measuring  X, ,  a  strain  is  produced 
tie  film  by  bending  the  substrate,  and  the  resulting  anisotropy  field  is  measured.  However,  by 
ag  a  triangular  polymer  beam  as  a  substrate,  three  important  advantages  are  obtained  (i)  the 
angular  beam  shape  has  uniform  strain  along  its  surface,  (ii)  the  polymer  material  supports  large 
[rains  (>  103)  without  breaking,  and  (iii)  the  low  elastic  modulus  of  the  beam  allows  measurement 
of  the  sample  elastic  modulus  through  variation  of  the  sample  aspect  ratio.  Measurements  on  Ni 
foils  yield  values  of  X,  and  Y  which  fall  within  the  scatter  of  literature  data. 


I.  INTRODUCTION 

For  a  known  tensile  stress  a  in  a  polycrystalline  cubic 
material,  the  magnetoelastic  energy  density  is  given  by' 
E-  -(3/2)XJo  cos2  0„,  where  0„  is  the  angle  between  the 
magnetization  and  the  stress  axis.  The  magnetostriction  con¬ 
stant  is  X,=2X100/5+3Xul/5,  where 


CU~CU ’ 


(1) 


fl,  and  B2  are  the  magnetoelastic  coupling  constants  and  cu, 
c t2,  and  cu  are  the  elastic  constants.1  Because  the  magneto¬ 
striction  is  a  combination  of  both  the  magnetoelastic  cou¬ 
pling  constants  and  the  elastic  constants,  a  detailed  descrip¬ 
tion  of  the  magnetomechanical  properties  requires 
knowledge  of  both  elastic  and  magnetoelastic  properties. 

The  magnetoelastic  energy  is  a  stress/strain-induced 
magnetic  anisotropy  energy  which  is  detectable  through  fer¬ 
romagnetic  resonance  (FMR).  A  variety  of  experimental 
schemes  for  measuring  stress/strain  anisotropies  using  FMR 
have  been  developed  in  which  either  a  known  stress  is  gen¬ 
erated  in  the  sample  by  direct  application  of  force2,3  or  a 
known  strain  is  developed  by  bending  the  substrate.4'7  The 
stress  in  the  sample  (and  therefore,  the  resonance  field)  may 
be  also  modulated  by  incorporating  the  sample  into  an  acous¬ 
tic  resonator  in  strain  modulated  FMR  (SMFMR).8,9  How¬ 
ever,  these  schemes  measure  only  the  magnetostriction  con¬ 
stants  or  the  magnetoelastic  coupling  constants.  For  a 
complete  understanding  of  magnetostriction  in  complex  sys¬ 
tems  such  as  multilayers,  the  ability  to  separate  the  contribu¬ 
tions  of  the  elastic  and  magnetoelastic  coupling  constants  is 
of  value.  This  paper  describes  the  first  FMR  technique  that 
allows  such  a  separation  to  be  made. 


■.THEORY 

The  FMR  resonance  condition  is  given  by10 

u  1  8*F  cPF  I  tfF  ll1'2 

y  ** M  sin  9  [M7  8$*  ~\868<l>j\  ’ 
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(2) 


where  utllir  is  the  resonance  frequency,  Af  is  the  saturation 
magnetization  of  the  material,  and  F  is  the  free  energy  given 
by 

F=-  HqMH  sin  8  cos  <f> 

+  (lf  ^2  +  ^«)s'n2  Bsin2  <A_2  cos2  B 


--  \,ox  sin2  8  cos2  4>.  (3) 

In  Eqs.  (2)  and  (3),  the  angles  0  and  are  the  polar  coordi¬ 
nates  of  the  magnetization  direction  as  shown  in  Fig.  \,H  is 
the  applied  field  and  Ku  is  a  uniaxial  anisotropy  energy.  The 
final  terms  are  the  anisotropy  energies  produced  by  a  tensile 
stresses  <r,  and  ax  directed  along  z  and  x  axes,  respectively. 
Using  the  expression  for  F  given  by  Eq.  (3),  it  can  be  shown 
from  Eq.  (2)  that,  to  first  order,  for  constant  <■>  the  resonance 
field  is  modified  by  the  application  of  stresses  in  the  z  and  x 
directions  by  an  amount  SH  given  by 


3X, 

H0SH=-jj-  cr[  1  + 


wbere  H0  is  the  resonance  field  with  zero  applied  strain. 

Application  of  strain  to  the  sample  is  accomplished  by 
bonding  the  sample  to  the  surface  of  a  cantilever  beam  and 
bending  the  beam.  A  triangular  beam  is  used  so  that  when  it 
is  loaded  at  its  tip  in  a  direction  perpendicular  to  the  trian¬ 
gular  faces,  it  will  have  uniform  curvature  as  shown  in  Fig. 
1.  In  this  configuration,  the  strain  in  the  z  direction  at  the 


FIG.  1.  Configuration  of  cantilever  beam  used  to  induce  strains  in  the 
sample. 
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FIG.  2.  Illustration  of  nonuniform  strain  in  the  beam.  Black  regions  repre¬ 
sent  the  sample  and  shaded  regions  represent  the  region  of  son  uniform 
strain. 


surface  of  the  beam,  ez0  is  given  by  e!0  =  Ayd/L2,  where  Ay 
is  the  deflection  of  the  tip  of  the  beam,  d  is  the  beam  thick¬ 
ness,  and  L  is  the  distance  from  the  beam  tip  to  the  damping 
point.  The  strain  in  the  x  direction  is  then  -  i**,,  where 
v  is  Poisson’s  ratio  for  the  beam. 

To  estimate  the  strain  in  the  film,  we  first  consider  the 
case  of  a  thin  film  with  cross-sectional  area  As  and  elastic 
modulus  Y,  on  a  beam  of  crass-sectional  area  A  b  and  elastic 
modulus  Yb  carrying  a  strain  q,  far  away  from  the  sample. 
The  lateral  dimensions  of  the  film  are  assumed  to  be  much 
greater  than  the  thickness  of  the  beam.  This  “thin  beam” 
configuration  is  illustrated  in  Fig.  2.  The  force  carried  by  the 
beam  far  away  from  the  sample  must  also  be  carried  by  the 
film  and  beam  under  the  sample  such  that  TjA(,e 0 
=  YbAbe+Y^Je,  and  therefore  c-  e^(l+ft,  where 
P-YJJYtAt. 

When  the  lateral  dimensions  of  the  beam  are  smaller 
than  the  thickness  of  the  beam,  the  region  of  perturbed  strain 
is  not  expected  to  extend  completely  through  the  beam,  but 
would  extend  into  the  beam  a  distance  which  depends  on  the 
lateral  dimensions  of  the  sample  (“thick  beam”  illustrated  in 
Fig.  2).  In  this  case,  the  effective  cross  section  of  the  beam  is 
Abz  =  (4  +  VJa)lJa  for  strains  in  the  x  direction  and 
=  (4  +  2ijdyja  for  strains  in  the  y  direction,  where  a  de¬ 
scribes  the  ratio  of  lateral  sample  dimensions  to  effective 
beam  thickness.  Under  these  assumptions,  two  p  parameters 
can  be  defined  to  be 


“  Yb  l,(lx+2lja)  ' 


Y,  4ft 
Yblx(iz+2lJa) 


pletely  in  the  z  direction  and  is  given  by  and  the 

resonance  field  shift  is  given  by  the  first  term  in  Eq.  (4). 

In  case  (2),  ft-*  and  ft— 0.  Because  ft—*,  the  beam 
is  unable  to  exert  significant  force  on  the  sample  in  the  z 
direction,  and  <r,  — >0.  Because  the  cross  section  of  the  sample 
normal  to  the  x  axis  is  small,  the  x  component  of  the  sample 
strain  will  match  that  of  the  beam.  The  sample  stress  is  com¬ 
pletely  in  the  x  direction  and  is  given  by  <rx-  -  vY tz0,  and 
the  resonance  field  shift  is  given  by  the  second  term  in  Eq. 
(4). 

In  case  (3),  the  case  of  a  symmetric  sample, 
ft  =  ft  =  0=  a\ Y,/Yb)(d,/t,)/(a+2).  When  the  sample 
aspect  ratio,  djls ,  is  very  small  (ft— 0),  the  strains  in  the 
film  are  identical  to  the  strains  in  the  beam  surface  where 
*„  =  -  vto,.  The  stress  in  the  sample  is  only  in  the  a  direc¬ 
tion,  and  is  given  by  <rz=yjf02.  When  the  sample  aspect 
ratio  is  increased  by  reducing  the  lateral  dimensions  of  the 
sample,  the  strains  will  be  attenuated  by  the  factor  1/(1  +ft 
and  the  FMR  field  shift,  which  is  proportional  to  the  stress,  is 
therefore  also  proportional  to  1/(1+ ft.  The  inverse  of  the 
field  shift  per  unit  strain,  (ntl6H/ el0)~  1  becomes  a  linear 
function  of  the  sample  aspect  ratio,  ft//s 


luoSHy 

M 

I  +  (^P 

71+— 

\  ) 

~3  KY, 

\  w/y  1 

\  a+2  Yb  4  ) 

Simple  solutions  for  the  strains  in  the  film  can  be  obtained 
for  three  limiting  cases  of  the  sample  dimensions:  (1)  4*>4> 
(2)4*»/z,  and  (3)  4=4=4. 

In  case  (1),  ft— >0  and  ft-**.  Because  ft—**,  the  beam 
is  unable  to  exert  significant  force  on  the  sample  in  the  x 
direction,  and  oz— *0.  Because  the  cross  section  of  the  sample 
normal  to  the  z  axis  is  small,  the  z  component  of  the  sample 
strain  will  match  that  of  the  beam.  The  sample  stress  is  com- 
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If  the  geometrical  factor  a  is  known,  the  slope  and  intercept 
of  the  line  described  by  Eq.  (6)  can  provide  independent 
measurements  of  Ks  and  Ys . 


III.  EXPERIMENTAL 

The  FMR  setup  consists  of  a  TE)02  cavity  with  a  clamp¬ 
ing  mechanism  for  the  cantilever  beam  on  one  side  and  the 
free  end  of  the  cantilever  beam  extending  through  the  cavity. 
Beams  were  cut  from  3.1-mm-thick  acrylic  sheet  and  3.3- 
ram-thick  bakelite  sheet.  Values  of  the  elastic  moduli  of  the 
beams  Yb  were  calculated  from  measurements  of  the  deflec¬ 
tion  of  the  beam  tip  created  by  forces  at  the  beam  tip.  The 
beam  orientation  in  the  cavity  is  such  that  the  applied  field 
remains  in  the  plane  of  the  film  when  the  beam  is  bent.  The 
free  end  of  the  cantilever  beam  is  displaced  by  a  screw 
mechanism  driven  by  a  stepper  motor.  Typically,  ten  spectra 
are  used  to  determine  the  ratio  SHIe 20.  A  typical  plot  of 
resonance  field  versus  ez0  is  shown  in  Fig.  3  with  the  reso¬ 
nance  linewidth,  which  remains  essentially  constant  as  e,0,  is 
varied. 

In  Fig.  4  (fi0SH/fz0y'  is  plotted  versus  the  sample 
aspect  ratio  for  <4=4.4-^m-thick  rolled  Ni  foils.  Starting 
with  a  nominally  square  piece  of  foil,  the  aspect  ratio  was 
modified  by  trimming  the  edges  of  the  sample.  To  approach 
the  limit  represented  by  case  (1)  above,  only  4  was  reduced 
and  the  aspect  ratio  is  taken  to  be  d,ll„.  To  approach  the 
limit  represented  by  case  (2)  above,  only  4  was  reduced  and 
the  aspect  ratio  was  taken  to  be  d,l 4  •  The  square  samples 
were  produced  by  reducing  4  and  4  by  nominally  equal 
amounts. 
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FIG.  3.  Resonance  field  is  a  function  of  r,,.  for  a  nominally  square  2.8 
mm  x  4.4  pxn  duck  Ni  foil  on  as  acrylic  beam.  Inset:  peak-to-peak  linewidtb 
of  the  resonance  as  a  function  of  tK!I 

IV.  DISCUSSION 

To  evaluate  the  results  of  these  measurements  by  com¬ 
parison  with  published  values,  a  search  of  the  literature  was 
made  for  values  of  X,  and  Y  for  Ni.  Values  of  X,  ranged  from 
-30X10'*  (Ref.  11)  to  -38X10'6  (Ref.  12)  and  values  of 
Y  ranged  from  191  GPa11  to  217  GPa.1*  For  narrow  strips 


FIG.  4.  Plots  of  vs  sample  aspect  ratio  for  three  different 

sample  coafiguratkms  and  two  beam  materials.  The  upper  and  lower  hori¬ 
zontal  shaded  bands  represent  the  range  of  calculated  values  of 
(.fLqSH/ «io)~'  for  stresses  in  the  z  and  x  directions,  respectively.  The 
straight  lines  are  least-squares  fits  to  the  data  fin  square  samples. 


oriented  along  the  z  direction,  calculated  values  of 
(/iq^H/ejo)-1  then  range  from  -0.023  to  -0.034  T'1  for 
440^0=0.136  T  awl  (iVy=0.320  T.  For  narrow  strips  oriented 
along  the  x  direction,  calculated  values  of 
range  from  -0.57  to  -0.081  T~\  assuming  a  value  of 
v=.35  for  the  beam. 

The  dependence  of  (poSH/t^y'  on  the  sample  aspect 
ratio  for  square  samples  follows  the  linear  relation  given  by 
Eq.  (6)  for  small  sample  sizes.  For  larger  sample  sizes,  Eq. 
(6)  is  not  expected  to  hold  since  the  lateral  sample  dimen¬ 
sions  become  larger  than  the  beam  thickness.  Least-squares 
fits  to  the  square  sample  data  have  intercepts  that  fall  within 
the  range  of  calculated  values.  Since  the  elastic  modulus  of 
Ni  is  available,  values  of  a  rather  than  Y,  were  calculated 
from  the  slopes  of  the  fit  lines.  The  values  are  a= 7.1  for  the 
acrylic  beam  and  8.3  for  the  bakelite  beam,  indicating 
that  the  region  of  nonuniform  strain  lies  close  to  the  sample 
surface. 

The  sensitivity  of  this  technique  for  measurements  of  X, 
can  be  estimated  from  Eq.  (4).  Conservatively  estimating 
that  a  1  mT  (10  G)  field  shift  is  detectable  for  a  maximum 
strain  of  10'3,  and  using  values  of  M  and  Y  for  Ni,  the  k, 
sensitivity  is  estimated  to  be  ~10~6.  Important  advantages  of 
this  technique  are  the  availability  of  large  strains  (up  to 
1.5X10'3  in  the  current  setup)  and  the  ability  to  measure 
elastic  properties  through  the  dependence  of  the  resonant 
field  shift  on  the  sample  aspect  ratio. 
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Multitarget  sputtering  of  high  magnetostrictive  Tb-Dy-Fe  films 
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Giant  magnetostrictive  thin  films  of  both  the  binary  compound  Tb,Fe,  and  the  ternary  compound 
(TbyDyj.^Fe,-,  have  been  prepared  by  multitarget  magnetron  sputtering  in  wide  compositional 
ranges.  In  view  of  their  potential  use  as  actuators  in  microsystem  technology  the  research  was 
focused  on  low-field  magnetostrictive  properties  in  connection  with  low  coercivity.  Giant 
magnetostriction  was  found  for  a  range  of  compositions  with  Tb  contents  higher  than  those  of  the 
crystalline  Tb-Fe  compounds.  Depending  on  the  composition,  amorphous  films  with  a 
magnetostriction  as  large  as  A“450xl0~6  at  an  applied  field  of  6  kOe  and  a  coercive  field 
Hc<10  Oe  could  be  prepared.  The  improvement  of  the  low-field  magnetostriction  of  the  ternary 
alloy  Tb-Dy-Fe  in  comparison  to  Tb-Fe  was  found  to  be  less  distinct  than  for  crystalline  materials, 
probably  because  all  reported  films  showed  a  perpendicular  easy  axis.  The  amorphous  state  of  the 
films  are  stable  at  least  up  to  300  °C. 


I.  INTRODUCTION 

Magnetostrictive  thin  films  are  promising  candidates  for 
integrated  actuating  mechanisms  in  membrane-type  micro¬ 
system  components.  The  development  of  highly  magneto¬ 
strictive  thin  films  is  based  on  the  rare-earth  iron  Laves 
phases,  in  particular  on  (TbluDy<l7)Fe2  which  is,  under  the 
name  of  Terfenol-D,  well  known  to  exhibit  giant  magneto¬ 
striction  in  combination  with  reduced  magnetocrystalline 
anisotropy.1  Recently,  the  preparation  of  amorphous  films 
having  the  Terfenol-D2  and  Tb-Fe3  compositions  by  sputter¬ 
ing  from  mosaic  targets  has  been  reported. 

The  present  paper  describes  the  preparation  of  highly 
magnetostrictive  Tb-Fe  and  Tb-Dy-Fe  films  using  multitarget 
magnetron  sputtering,  a  technique  which  allows  film  prepa¬ 
ration  over  a  wide  range  of  compositions.  The  purpose  of 
this  work  is  to  study  the  effect  of  both  the  total  rare-earth 
content  and  the  Tb/Dy  ratio  on  the  soft  magnetic  properties 
in  films  with  giant  magnetostriction.  In  addition,  the  degra¬ 
dation  of  the  magnetic  properties  due  to  crystallization  of  the 
amorphous  films  will  be  discussed.  The  results  will  be  com¬ 
pared  to  reported  data  obtained  with  alternative  preparation 
methods. 

II.  EXPERIMENTAL 

Both  TbFe  and  TbDyFe  thin  films  were  dc  magnetron 
cosputtered  from  a  multiple  target  arrangement  with  pure 
element  targets  onto  unheated  Si,  Si02,  different  metals,  and 
carbon-coated  Cu  grids  for  direct  transmission  electron  mi¬ 
croscopy  (TEM)  observation.  This  technique  allows  the  wide 
adjustment  of  the  composition,  for  each  element  between  10 
and  90  at  %,  by  varying  the  sputtering  power  of  the  targets. 
The  film  thicknesses,  except  for  the  TEM  samples,  were 
about  2.5  itm.  The  sputtering  argon  pressure  was  typically 
0.4  Pa  with  a  base  pressure  of  4X10-5  Pa. 

Compositions  were  measured  by  wavelength  dispersive 
x-ray  microanalysis  (WDXj,  and  depth  profiles  were  ob¬ 
tained  using  Auger  electron  spectroscopy  (AES).  TEM,  elec¬ 
tron,  and  x-ray  diffraction  were  used  to  determine  the  crys¬ 
tallographic  structure  of  the  films.  Magnetostriction  was 


measured  in  a  field  of  6  kOe  by  the  cantilevered  substrate 
technique4  sensing  the  deflection  of  the  free  end  of  the  can¬ 
tilever  by  laser  beam  reflection.  Polarization  at  room  tem¬ 
perature  was  determined  using  a  vibration-sample  magneto¬ 
meter  (VSM)  at  8  kOe.  Thermal  stability  was  investigated  by 
in  situ  annealing  experiments  in  a  TEM. 

IH.  RESULTS  AND  DISCUSSION 
A.  Composition  and  atructurs 

The  cosputtered  rare-earth  Fe  films  were  found  by  x  ray 
to  be  amorphous.  Scanning  electron  microscopy  (SEM)  ob¬ 
servation  of  the  fracture  surface  (Fig.  1)  showed  dense 
growth,  in  contrast  to  the  columnar  growth  obtained  with  an 
alternative  method  of  film  preparation.2  The  surface  of  the 
films  was  found  to  oxidize  immediately  upon  exposure  to  air, 
but  once  formed  the  oxide  layer  showed  a  high  stability  and 
a  slow  further  growth. 

The  residual  film  stress  is  compressive  at  a  sputtering 
pressure  of  0.4  Pa  Ar;  a  stress-free  deposition,  important  for 
thin-film  actuator  devices,  can  be  achieved  by  increasing  the 
Ar  pressure  to  about  1  Pa  Ar.  Further  increase  in  the  Ar 


FIG.  1.  SEM  mkrograpfc  of  die  fracture  surface  of  a  TbDyFe  film  onto  Si 
substrate. 
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FIG.  2.  Magnetostriction  vs  Tb  content  for  amorphous  Tb,Fc,  . ,  films.  The 
data  of  multiple  de-magnetron  sputtered  films  la)  at  /f  -6  ItOe  are  compared 
with  evaporated  films  (Ret.  5)  tbl  at  15  kOe  and  hf-magnetron  sputtered 
films  (Ref.  3)  at  16  kOc. 


pressure  results  in  a  tensile  residual  film  stress  which  is  as¬ 
sumed  to  be  helpful  in  obtaining  an  inplane  magnetic  easy 
axis.  However,  the  correlated  tremendous  increase  in  the 
oxygen  content  from  less  than  0.5  to  about  24  at  %  destroys 
the  magnetic  properties  at  high  Ar  pressures.  An  improved 
process  technique  is  required  to  overcome  this  effect. 

B.  Magnetic  properties 

Compared  to  the  crystalline  magnetostrictive  TbFe 
compounds — TbjFe,,.  Tb^Fe^,  TbFe3.  TbFe2 — magneto¬ 
strictive  properties  of  amorphous  Th,Fe,  films  have  only 
been  observed  for  compositions  with  higher  Tb  contents.  The 
largest  magnetostriction  has  been  measured  for  the  x  =0.42 
sample.  Its  value  of  450X10  '’  at  a  magnetic  field  of  6  kOe 
applied  in  the  film  plane  is  significantly  higher  than  values 
obtained  with  alternative  preparation  methods  for  Tb-Fe 
films  (Fig.  I).3'5  Comparison  of  the  polarization  curves  for 
the  x  =0.37  and  x  =0.44  samples  (Fig.  3)  shows  that  both  the 
strong  perpendicular  easy  axis  and  the  hysteresis  decrease 
with  higher  Tb  content,  resulting  in  a  coercivity  of  <  10  Oe 
for  the  x  =0.44  sample;  this  is  the  lowest  coercivity  reported 
for  magnetostrictive  amorphous  rare-earth  Fe  films.  Never¬ 
theless,  the  applied  magnetic  field  of  6  kOe  saturates  neither 
the  magnetostriction  nor  the  polarization  of  these  films. 

The  ternary  (Tb>Dy,^y)^Fe]_,  compound  has  been  in¬ 
vestigated  to  examine  the  effect  of  the  Tb/Dy  ratio  y  and  the 
rare-earth/Fe  ratio  x.  Figure  4  shows  the  optimum  magneto¬ 
striction  curves  obtained  for  different  ratios  y .  Out  of  a  large 
number  of  different  compositions  two  effects  were  identified. 
In  the  case  of  y  =0.7  the  anisotropy  reduction  by  Dy  seems 
to  work  even  in  amorphous  materials,  leading  to  improved 
low-field  but  reduced  high-field  magnetostriction.  Prelimi¬ 
nary  results  show  that  the  total  rare-earth  content  has  to  be 
reduced  from  42  at  %  for  the  Tb-Fe  film  (y  =  1.0)  to  33  at  % 
for  the  Tb-Dy-Fe  film  with  the  room-temperature  anisotropy 
compensation  composition  (y=0.3j.  However,  according  to 
the  Tb-Fe  film  results  this  total  rare-earth  reduction  in  the 


FIG.  3.  Polarucjflon  vs  external  held  applied  parallel  ()|)  and  perpendicular 
U)  to  the  him  plane  far  (a)  a  Th,,  ,  Fe,.,,  and  (b*  a  Tlx, „l:c, ...  sample. 

films  counteracts  the  low-field  improvement  of  the  Dy  alloy¬ 
ing  observed  for  the  y  =0.7  composition. 

It  is  obvious  that  the  low-field  magnetostriction  is 
strongly  influenced  by  the  orientation  of  the  magnetic  easy 
ax',  which  in  the  present  experiments  is  always  perpendicu¬ 
lar  to  the  film  plane.  The  orientation  might  be  changed  in 
future  experiments  by  the  adjustmen.  of  the  residual  film 
stress  as  already  discussed. 

C.  Tlwrmal  stability 

The  electron  diffraction  patterns  of  a  carbon  sandwiched 
(Tbp  3Dy0  7>Fe2  sample  recorded  at  different  temperatures 
show  good  stability  of  the  amorphous  films  (Fig.  5)  up  to 
300  °C.  At  350  °C  the  amorphous  halo  is  resolved,  at  400  °C 


magnetic  field  *n  kOe 


FTG.  4.  Magnetostriction  vs  external  field  applied  parallel  to  the  film  plane 
for  different  (Tb^Dyi-^Fe,.,  samples  showing  the  optimum  curves  for 
different  Tb-Dy  ratios  y. 
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FIG.  5.  Electron  diffraction  patterns  of  an  in  situ  annealing  experiment  from 
a  (Tbo  jDy0  7)0'3jFe0A7  film  covered  with  amorphous  carbon  layers  on  both 
sides  at  annealing  temperatures  of  (a)  300  °C,  (b)  350  °C,  (c)  400  °C,  and 
(d)  450  °C. 


the  Laves  phase  has  begun  to  crystallize,  and  at  450  °C  a 
complete  nanocrystalline  structure  is  observed.  Up  to  600  °C 
the  growth  of  only  very  few  larger  crystals  in  the  nanocrys¬ 
talline  matrix  could  he  found.  These  results  are  in  good 


agreement  to  data  reported  elsewhere,6  although  we  find  the 
amorphous  phase  to  be  more  stable.  Preliminary  data  on 
TbFe  films  indicate  that  this  crystallization  point  is  trans¬ 
ferred  to  an  even  higher  temperature. 

IV.  CONCLUSIONS 

Multitarget  magnetron  sputtering  has  been  proved  to  be 
a  powerful  tool  for  preparing  giant  magnetostrictive  films 
with  low  coercivity.  Annealing  experiments  have  shown  the 
amorphous  structure  to  be  very  stable.  As  discussed  a  further 
improvement  of  the  low-field  magnetostriction  should  be  at¬ 
tainable  by  altering  some  preparation  conditions  in  order  to 
prepare  films  with  in-plane  magnetic  easy  axis. 
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Recently  it  was  discovered  that  composites  of  Terfenol-D  alloys  with  an  insulating  binder  produce 
very  large  magnetostrictions.  Resistivities  of  these  composites  reach  high  values,  making  them 
attractive  for  high-frequency  applications  which  require  small  eddy  current  losses.  In  this  paper  the 
magnetostriction,  magnetization,  and  Young’s  moduli  measurements  made  under  constant  magnetic 
field  conditions  and  under  constant  flux  conditions  are  rep  ted.  From  tltese  measurements, 
magnetomechanical  coupling  factors  are  calculated.  The  properties  are  compared  to  those  of 
ordinary  metallic  Terfenol-D  and  nickel.  Two  different  types  of  composites  were  investigated.  In  the 
first  type  the  composite  has  an  isotropic  structure  and  in  the  second  type,  anisotropic.  It  is  shown 
that  the  anisotropic  type  is  more  desirable  since  it  possesses  both  higher  magnetostriction  and  higher 
coupling  factors.  It  is  also  clearly  shown  that  the  magnetization  process  for  the  anisotropic  type  can 
be  explained  by  a  180°  domain  wall  motion  followed  by  a  magnetization  rotation. 


I.  INTRODUCTION 

Terfenol-D  alloys  of  type  Tbo  27-o.30Dya73-o.70Fe1.90-1.95 
have  been  known  since  the  1970’s1  and  have  been  commer¬ 
cially  available  since  the  mid  1980’s  in  the  U.S.  and  in  Swe¬ 
den.  This  material,  which  has  outstanding  elongation  and  en¬ 
ergy  density  at  room  temperature,  has  shown  great  potential 
in  applications  up  to  —10  kHz.2  At  higher  frequencies  eddy 
current  losses  limit  its  use. 

To  create  a  complement  to  ordinary  Terfenol-D  for 
higher-frequency  applications,  a  new  magnetostrictive  mate¬ 
rial  has  been  developed.3  This  material  is  based  on 
Terfenol-D  powder  and  is  formed  together  with  a  nonmetal- 
lic  binder  into  a  composite.  The  binder  creates  an  insulating 
layer  between  the  particles  which  increases  the  resistivity 
and  strongly  reduces  eddy  current  losses  at  high  frequencies. 
Consequently  this  material  broadens  the  useful  range  of  the 
giant  magnetostrictive  materials  into  the  ultrasonic  regime. 
Further,  this  material  has  a  rather  high  tensile  strength 
(—  four  times  higher  than  the  tensile  strength  in  metallic 
Terfenol-D)  which  makes  it  suitable  for  applications  in 
which  tensile  strengths  larger  than  those  of  Terfenol-D  are 
required,  such  as  resonant  applications.  In  this  paper  we 
present  the  magnetomechanical  properties  of  composites  pre¬ 
pared  by  two  techniques.  In  the  first  technique,  the 
Terfenol-D  particles  are  randomly  oriented  (density, 
5=7.5  X  Id3  kg/m3;  resistivity,  pa 300  pXl  m);  in  the  second 
technique,  the  particles  are  magnetically  oriented 
(5=6.75X  103  kg/m3,  pa600  pXl  m).  Of  particular  impor¬ 
tance  is  the  field  dependence  of  the  magnetostriction,  the 
elastic  moduli  and  the  permeability.  To  determine  the  mag¬ 
netomechanical  coupling.  Young’s  modulus  was  measured 
under  constant  magnetic  field  conditions  ( YH ).  The  modulus 
under  constant  magnetic  induction  (Y8)  was  also  measured. 


II.  EXPERIMENT 

Rod-shaped  samples  of  Terfenol-D  composites  (0.9  cm 
diamX4.33  cm),  fitted  with  two  resistive  strain  gages  and  an 
induction  pick-up  coil,  were  inserted  into  a  1.2  cm  i.d.  sole¬ 
noid.  Longitudinal  compressive  stresses  were  applied  by 
adding  fixed  weights  to  a  platform  attached  to  the  upper 
surface  of  the  rods.  Large  soft  iron  end  pieces  were  fastened 
at  the  ends  of  the  samples  to  reduce  the  demagnetization 
factors  and  to  homogenize  the  magnetic  fields  generated  by 
the  solenoid.  A  computer-controlled  feedback  circuit  was 
used  to  keep  the  magnetization  constant  for  the  YB  measure¬ 
ments.  Magnetization  and  permeability  were  measured  under 
constant  stress  (<r)  conditions  for  stresses  up  to  16.3  MPa  and 
magnetic  fields  up  to  -160  kA/m. 

III.  MAGNETOSTRICTION 

In  this  section,  we  discuss  the  field  dependence  of  the 
magnetization  and  magnetostriction  for  composites  com¬ 
posed  of  (a)  randomly  oriented  particles  and  (b)  magnetic 
field  oriented  particles  and  note  how  these  results  compare 
with  those  of  the  fully  dense  Terfenol-D  metal  reported 
previously.4  From  Fig.  1  we  can  compare  the  magnetization 
(Af)  versus  magnetic  field  (H)  and  magnetostriction  (X)  ver¬ 
sus  magnetic  field  for  composites  of  randomly  oriented  par¬ 
ticles  and  magnetically  oriented  particles  at  a  prestress  of 
16.3  MPa.  Magnetostrictions  at  l&B  kA/m  reach  —0.8X  lO-3 
for  the  oriented  particulate  composite  and  —0.5X10-3  for 
the  randomly  oriented  particulate  composite.  Note,  that  for 
the  fully  dense  metallic  Terfenol-D  at  room  temperature,  the 
single-crystal  saturation  magnetostriction  (3/2)Xln 
a2.4xl0-3  and  the  saturation  magnetization  is  1.0  T.5'6 
From  the  measured  densities  of  the  compacted  particulate 
samples,  we  calculate  the  volume  fraction  of  Terfenol-D  in 
the  composites  to  be  80%  for  the  composite  of  randomly 
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FIG.  1-  Magnetization  (triangles)  and  magnetostriction  (circles)  vs  applied 
field  for  (a)  the  Terfenol-D  composite  with  magnetically  oriented  particles 
and  (b)  the  Terfenol-D  composite  with  randomly  oriented  particles  at  a 
prestress  of  16.3  MPa. 


oriented  particles  and  71%  for  the  composite  of  oriented  par¬ 
ticles.  With  the  magnetic  fields  applied  in  this  study,  the 
maximum  magnetization  achieved  is  —0.5  T  (—50%  of  the 
saturation  magnetization  of  the  metallic  Terfenol-D)  and 
maximum  magnetostrictions  are  —1/5- 1/3  of  the  saturation 
magnetostriction  of  the  fully  dense  Terfenol-D  single  crystal. 
Hysteresis  is  —5  WA/m  for  the  composite  of  oriented  par¬ 
ticles. 

In  the  sample  of  oriented  particles,  we  find  that  —0.05  T 
or  7%  of  the  saturation  magnetization  is  accounted  for  by 
nonnagnetostrictive  180°  domain  wall  motion.  Figure  2 
shows  the  magnetostriction  versus  magnetization  for  a  stress 
of  16.3  MPa.  With  a  volume  density  of  71%  for  this  com¬ 
posite,  we  calculate  the  saturation  magnetization  Af,  to  be 
0.71  T  and  the  magnetostriction  (X,)  based  upon  fully  ori¬ 
ented  [111]  single-crystal  particles  of  Terfenol-D  to  be 
0.71(3/2)Xln=1.7xl0~3.  The  dotted  line  in  this  figure  illus¬ 
trates  the  theoretical  magnetostriction  which  would  arise 
from  a  fully  magnetization  rotation  process,  X  =  X,(Af/Af,)2. 
The  data  agree  well  with  iXvsM!  curve  having  a  magne¬ 
tization  displacement  of  0.052  T  which  can  be  accounted  for 
by  180°  domain  wall  motion.  Thus,  using  the  available 
preparation  method,  a  magnetostriction  (X,)  of  1.53X10'3  is 
predicted  for  full  saturation.  For  this  composite  the  magneti¬ 
zation  process  can  be  clearly  separated  into  two  regions:  a 
180°  domain  wall  motion  followed  by  a  rotation  process. 

Measurements  were  taken  on  two  samples  with  oriented 
particles  and  stresses  of  95,  12.9,  and  16.3  MPa.  The  upper 
curve  of  Fig.  3  is  a  composite  from  two  such'  samples  with 
three  stresses  each.  The  breadth  of  the  line  is  an  indication  of 
the  uiicertainity  in  the  value  of  the  magnetostriction.  These 
data  ate  compared  with  the  X  vs  Af  curve  for  the  sample 


Magnetization  (T) 

FIG.  2.  Magnetostriction  vs  magnetization  for  the  magnetically  oriented 
Terfenol-D  composite  at  a  prestress  of  16.3  MPa.  The  dotted  line  is  the 
theoretical  magnetostriction  for  a  folly  magnetization  rotation  process. 

containing  randomly  oriented  particles.  Clearly  orientation  is 
significant.  Since  Xm*>\100,  nonaligned  particles  will  sub¬ 
stantially  reduce  the  magnetostriction  from  the  total  available 
strain.  At  Af  =  0.5  T,  the  strain  in  the  sample  of  randomly 
oriented  particles  is  only  60%  of  the  strain  in  the  sample  of 
oriented  particles.  In  the  sample  of  randomly  oriented  par¬ 
ticles  the  magnetization  due  to  180°  wall  motion  is  0.084  T 
and  the  hysteresis  is  larger  (—10  kA/m)  (see  Fig.  1).  Also  we 
find  a  small  dependence  of  the  magnetization  and  magneto¬ 
striction  upon  stress,  especially  for  the  sample  with  randomly 
oriented  particles. 

IV.  ELASTIC  MODULI  AND  COUPLING  FACTORS 

The  magnitude  of  the  forces  generated  by  a  magneto- 
strictive  material  depends  upon  its  elastic  moduli.  In  this 
section  we  report  Young's  moduli  for  the  composite 
Terfenol-D  samples  measured  under  fixed  magnetic  field 


0.0  0.1  0.2  0.3  0.4  0.5  0.6 
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FIG.  3.  Magnetostriction  vs  magnetization  for  the  two  oriented  lferfenol-D 
composites  (upper  curve)  and  the  randomly  oriented  Terfenol-D  composite 
(lower  curve)  for  three  different  prestresses  (95,  12.9,  and  16.3  MPa). 
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FIG.  4.  Elastic  moduli  at  a  prestress  of  15.5  MPa  for  (a)  the  two  oriented 
Terfcnol-D  composites  at  constant  magnetic  held  [(■)  sample  1,  (□)  sample 
2]  and  constant  magnetic  induction  ((•)  sample  1,  (O)  sample  2]  and  <b)  the 
randomly  oriented  Terfenol-D  composite  at  constant  magnetic  held  (■)  and 
constant  magnetic  induction  (O). 


conditions  (YH)  and  under  fixed  magnetic  induction  (YB). 
From  Yh  it  is  possible  to  calculate  the  material  coupling 
factor  Here  d  is  the  piezomagnetic  con¬ 

stant  defined  by  SK/SH  and  /t"  is  the  permeability  at  fixed 
stress  (a)  defined  by  where  is  the 

relative  permeability,  is  the  permeability  of  free  space,  M 
is  in  units  of  Teslas,  and  H  is  in  units  of  A/m.  Alternatively, 
the  coupling  can  be  determined  from  1  -  k\i  =  YH !YS .  (The 
former  calculation  is  generally  more  accurate  whenever 
*33<0-7  and  is  employed  here.)  In  Fig.  4  we  plot  the  field 
dependences  of  Young’s  moduli  for  both  composites  at  1S.S 
MPa.  The  moduli  are  almost  independent  of  compressive 
stress  (<r<16.3  MPa).  In  Table  I  are  compared  the  values  of 
d,  and  *33  for  both  composites.  Clearly  the  coupling  is 
much  larger  for  the  sample  with  aligned  particles.  Both 
samples  have  slight  maxima  near  H= 80  kA/m. 

In  Table  II  we  compare  the  resistivity,  density,  and  some 
magnetic  properties  of  nickel  and  Terfenol-D  in  metallic 
form  and  with  nonmetallic  binders.  The  density  of  the 


TABLE  I.  Piezomagnetic  properties  of  composite  Terfenol-D. 

H  d  YH 

(kA/m)  i  (om/A)  (GPa)  *33 

40  4.1  3.8  20.2  024 

80  2.8  3.7  19.7  0.28 

120  2.2  3.1  19.2  0.26 

40  4.0  5.8  19.5  036 

80  2.9  5.9  17.0  0.40 

120  2.2  4.8  17.0  0.38 


TABLE  11.  Some  physical,  electrical,  and  magnetic  properties  of  nickel 
Terfenol-D,  aad  Terfenol-D  composites. 


4X10  3 
(kgAn3) 

pxltf 
(O  m) 

Tc 

CO 

M, 

(T) 

kxitf 
at  120  kA/m 

Nickel 

8.8 

7.8 

358 

0.61 

50 

Isotropic  composite 

73 

30000 

380 

0.80 

400 

Anisotropic  composite 

63 

60000 

380 

0.71 

620 

Terfeod-D 

92 

60 

380 

1.0 

1100-1400' 

•Depending  oo  composition. 


Terfenol-D  composites  is  -75%  of  the  densities  of  nickel 
and  metallic  Terfenol-D.  The  saturation  magnetizations  are 
large,  having  values  between  those  of  nickel  and  metallic 
Terfenol-D.  Most  importantly,  the  magnetostrictions  of  the 
composite  samples  greatly  exceed  that  of  nickel  by  an  order 
of  magnitude  (—40%  of  metallic  Terfenol-D)  while  at  the 
same  time  the  electrical  resistivity  is  three  orders  of  magni¬ 
tude  larger.  We  believe  that  for  the  first  time  giant  magneto¬ 
strictions  can  be  achieved  for  frequencies  greater  than  100 
kHz. 

V.  CONCLUSION 

The  magnetomechanical  properties  of  these  new  com¬ 
posite  materials,  plus  their  high  resistivity  make  them  attrac¬ 
tive  for  high-frequency  applications.  In  spite  of  a  lower  den¬ 
sity,  the  anisotropic  composite  exhibits  higher 
magnetostriction  and  coupling  factor  and  is  therefore  prefer¬ 
able  for  most  purposes.  This  shows  the  need  for  magnetic 
alignment  of  the  Terfenol-D  particles.  However,  there  is  a 
considerable  potential  for  improvement  of  the  magnetostric¬ 
tion  and  the  coupling  factors  since  the  density,  which  is 
rather  low,  might  be  increased.  But,  on  the  other  hand,  an 
increase  in  the  density  might  give  a  decrease  in  the  resistivity 
which  can  limit  the  high-frequency  performance. 
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Structure  and  magnetic  properties  of  mechanically  alloyed  SmFej 
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Mechanical  alloying  has  been  used  to  prepare  Smfe2  from  powdered  Sm  and  Fe.  A  maximum 
remanence  M,  of  40.9  emu/g  and  a  maximum  coercivity  UHC  of  3.09  kOe  were  measured  for 
samples  annealed  at  500  and  600  °C,  respectively.  Above  these  temperatures  both  and  UHC 
decrease  monotonically  with  increasing  grain  size.  Annealing  at  temperatures  between  500  and 
800  °C  lead  to  the  formation  of  second-phase  SmFe3  affecting  saturation  magnetization  M, ,  which 
ranges  from  55.7  to  61.9  emu/g,  and  resulted  in  constriction  of  the  hysteresis  curves.  Activation 
volumes  u  were  determined  from  the  results  of  magnetic  viscosity  measurements  and  range  from 
3.3X10-18  to  10.5 X 10" 18  cm3  for  samples  annealed  at  500  and  800  °C,  respectively.  An  estimate  of 
the  anisotropy  energy  coefficient  K  of  5.6X106  ergs/cm  for  mechanically  alloyed  SmFe2  was 
calculated  using  an  estimate  of  the  exchange  energy  coefficient  A  and  the  experimentally 
determined  value  of  v. 


I.  INTRODUCTION 

Mechanical  alloying  has  been  extensively  investigated  as 
a  method  for  the  synthesis  of  permanent  magnetic 
materials. u  Research  into  the  production  of  rare-earth  tran¬ 
sition  metal  alloys  indicates  that  not  only  is  mechanical  al¬ 
loying  a  useful  method  for  materials  preparation  due  to  the 
small  number  of  total  production  steps  compared  with  other 
techniques,  it  also  has  a  pronounced  effect  on  the  magnetic 
properties  of  such  materials.  Very  high  coercivities,  rema¬ 
nence  enhancement  effects,  and  large  energy  products  have 
been  reported.3,4 

SmFej  is  one  of  the  highly  magnetostrictive  RE-Fe2 
compounds  which  have  attracted  considerable  research 
interest.3  Like  commercially  available  anisotropic  magneto¬ 
strictive  alloys,  SmFe2  is  usually  prepared  by  conventional 
melting  and  solidification  techniques.  In  comparison,  the  me¬ 
chanical  alloying  process  may  prove  to  be  a  useful  and  cost 
effective  method  for  the  production  of  isotropic  polycrystal¬ 
line  magnetostrictive  materials.  To  this  end,  the  effect  of 
post-milling  heat  treatment  on  the  structure  and  magnetic 
properties  of  mechanically  alloyed  SmFe2  is  reported  here. 


Measurement  of  magnetic  viscosity  was  carried  out  and 
the  magnetic  viscosity  coefficient  A  was  determined  accord¬ 
ing  to  a  phenomenological  theory  of  magnetization  kinetics.6 
Magnetic  viscosity  is  due  to  thermal  activation  of  domain 
processes  which  are  responsible  for  irreversible  changes  in 
magnetization.  The  activation  energy  barriers  over  which 
thermal  activation  occurs  are  functions  of  field  and  the  acti¬ 
vation  volume  v  is  the  fundamental  volume  swept  out  as  the 
activation  barrier  is  overcome,  v  can  be  related  to  A  by  the 
following  equation: 

kT 

A=— — , 
vMv 

where  k= Boltzmann’s  constant  and  ^/^spontaneous  mag¬ 
netization.  Values  of  v  were  determined  for  samples  an¬ 
nealed  at  500,  600,  700,  and  800  “C. 

IN.  RESULTS  AND  DISCUSSION 

The  x-ray  diffraction  (XRD)  patterns  for  the  as-milled 
and  heat-treated  powders  are  shown  in  Fig.  1.  The  as-milled 


II.  EXPERIMENTAL 

Starting  materials  Sm  (99.9%,  -40  mesh)  and  Fe 
(99.9%,  -325  mesh)  were  sealed  in  a  cylindrical  hardened 
steel  vial  under  an  argon  atmosphere  with  ten  12.7-mm-diam 
hardened  steel  balls.  A 10%  excess  of  Sm  was  added  to  limit 
the  formation  of  phases  more  iron  rich  than  SmFe2  and  a  ball 
to  powder  mass  ratio  of  10  was  used.  The  powders  were 
milled  for  24  h  in  a  Spex  8000  mixer/mill  and  after  comple¬ 
tion  toluene  was  added  and  the  mixture  was  milled  for  a 
further  S  min  to  increase  recovery.  As-milled  powders  were 
annealed  in  vacuum-sealed  silica  tubes  for  2  h  at  tempera¬ 
tures  T,  in  the  range  500-800  °C. 

Samples  were  studied  using  a  Siemens  D5000  x-ray  dif¬ 
fractometer  with  monochromatic  Cu  Ka  radiation.  Magnetic 
measurements  were  made  at  298  K  using  a  vibrating  sample 
magnetometer  in  conjunction  with  a  5  T  superconducting 
solenoid. 
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FIG.  t.  X-ray  diffraction  patterns  of  mechanically  alloyed  and  beat  treated 
Smlc.  (*  Sample  not  milled  in  totnene.) 
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FIG.  2.  Hysteresis  loops  and  initial  magnetization  curves  of  as-milled  and 
annealed  samples. 


powder  shows  a  broad  peak  corresponding  to  the  major  dif¬ 
fraction  line  of  <z-Fe.  No  other  phases  are  present  in  the 
diffraction  pattern.  Annealing  for  2  h  at  500  °C  crystallized 
the  SmFe2  phase  and  produced  large  changes  in  the  materi¬ 
al’s  magnetic  properties  which  can  be  seen  in  Figs.  2  and  3. 
Coercivity  UHC  was  found  to  more  than  double  from  0.58  to 
2.1  kOe  with  an  associated  increase  in  remane  nee  Mr  from 
23.5  emu/g  to  a  maximum  value  of  40.9  emu/g. 

Saturation  magnetization  M,  remains  relatively  unaf¬ 
fected  by  the  annealing  treatment  and  ranges  from  a  maxi¬ 
mum  value  of  61.9  emu/g  for  the  as-milled  powder  to  a 
minimum  of  55.7  emu/g  for  the  sample  annealed  at  700  °C. 
This  compares  favorably  with  the  value  of  Af,=59.7  emu/g 
reported  for  SmFe2  by  Dublon  ef  al1  While  the  variation  in 
M,  is  slight,  the  effect  of  annealing  on  phase  formation  is 
significant.  Annealing  enables  the  free  ar-Fe  present  in  the 
as-milled  powder  to  combine  to  form  the  SmFe2  phase 
thereby  lowering  M,  slightly.  Loss  of  Sm  by  vaporization  for 
s*600  °C  leads  to  the  formation  of  SmFe3  as  a  second 
phase.  SmFe,  possesses  an  much  larger  than  that  of 
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FIG.  3.  Magnetic  properties  of  as-milled  (7J=0"C)  and  annealed  simples. 
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FIG.  4.  Average  activation  volume  u  and  anisotropy  energy  coefficient  K  of 
as-milled  (7*.“0  °C)  and  annealed  samples. 

SmFc,  (Ref.  8)  and  consequently  M,  increases  with  increas¬ 
ing  SmFe3  concentration  as  T,  is  raised  to  800  °C. 

Annealing  at  600  °C  produced  the  largest  coercivity, 
UHC—3.G9  kOe.  tiHc  was  found  to  then  decrease  monotoni- 
cally  with  increasing  T.  and  this  can  be  attributed  to  the 
increase  in  grain  size.  As  a  result  UHC  decreases  with  the 
decreasing  density  of  centers  impeding  magnetization  rever¬ 
sal.  This  is  evident  in  the  changing  shape  of  the  initial  mag¬ 
netization  curves  in  Fig.  2. 

The  XRD  pattern  indicates  that  a  small  proportion  of 
SmO-C  phase9  formed  as  a  result  of  the  brief  milling  in 
toluene.  The  diffraction  pattern  of  a  sample  mechanically 
alloyed  without  toluene  and  annealed  at  800  °C  showed  the 
same  crystalline  structure  without  the  presence  of  the 
SmO-C  phase.  Magnetic  properties  were  not  significantly  af¬ 
fected  by  its  presence  nor  did  its  inclusion  affect  magnetiza¬ 
tion  mechanisms. 

When  the  as-milled  material  containing  a  10%  excess  of 
Sm  is  annealed  above  its  eutectic  temperature  of  720  °C 
(Ref.  10)  liquid  Sm  is  expected  to  form.  The  high  concentra¬ 
tion  of  SmFe3  indicated  by  XRD  did  not  result  in  a  large 
ci.„  ge  in  the  saturation  magnetization  of  the  bulk  material 
indicating  that  the  1:3  phase  tends  to  form  at  the  surface  of 
the  sample  where  preferential  loss  of  Sm  results  from  vapor¬ 
ization.  While  the  amount  of  SmFe3  in  the  bulk  material 
remains  small,  complex  two  phase  magnetic  behavior  results 
and  the  hysteresis  loops  become  increasingly  constricted  as 
T,  increases.  TVo  phase  magnetic  behavior  was  also  indi¬ 
cated  by  a  second  maxima  in  the  intrinsic  irreversible  sus¬ 
ceptibility  xi,  at  an  applied  field  of  — 10  kOe  which  is 
close  to  the  reported  coercivity  of  mechanically  alloyed 
SmFe3."  Demagnetization  processes  become  less  reversible 
with  increasing  SmFe3  concentration  and  remancnce  de¬ 
creases  accordingly. 

Activation  volumes  determined  from  magnetic  viscosity 
measurements  are  plotted  against  T,  in  Fig.  4.  The  activation 
volume  for  the  as-milled  material  is  4.4  x  10” 18  cm8.  Anneal¬ 
ing  at  500 °C  decreases  v  to  3.3XMT18  cm3.  This  may  be 
due  to  mictostructural  changes  in  the  bulk  material  which 
cannot  be  confirmed  without  detailed  microstructural  infor- 
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nubon.  v  chxnge*  little  for  Tm*6 00  *C  bat  a*  Ike  amount  o t 
secood-pbaae  SmFc3  is  increased  by  annealing  at  higher  tem¬ 
peratures,  v  iacremc*  concidenMy  to  a  value  of  10JX10"1* 
cm3  at  800  *C.  The  magnitude  of  v  is  very  similar  to  that 
reported  for  DyFe^  prepared  by  mechanocfaefflical 
reduction12  and  is  estimated  to  be  an  order  of  magnitude  less 
than  that  of  bulk  Tb0j7Dya7jFe2  at  room  temperature.13  This 
suggests  that  the  microatrecture  arising  horn  preparation  by 
mechanical  alloying  may  have  a  considerable  effect  on  the 
mechanisms  responsible  far  magnetization  in  these  materials. 
Further  study  is  required  to  confirm  this. 

The  activation  volume  of  t  ferromagnetic  material  can 
be  related  to  the  domain  wall  thickness  S  by  <5  3=u.14  This 
relationship  and  the  expression  for  S  of  a  ferromagnetic  ma¬ 
terial  with  a  simple  cubic  crystal  structure  S  ~  irsjA/K  were 
used  to  provide  in  estimate  of  the  first  anisotropy  energy 
coefficient  K  for  SmFe2.  A  value  for  the  exchange  energy 
coefficient  A  =1.26xl0-6  erg/cm  was  estimated  from  the 
Curie  temperature  Te= 675  K  and  lattice  parameter  a =7.417 
A  (Ref.  9)  using  the  expression  A  =(kTc)/a.  The  estimated 
variation  in  anisotropy  energy  for  the  samples  studied  is  plot¬ 
ted  in  Fig.  4  which  gives  an  estimate  of  K =5.6X  106  ergs/cm 
for  mechanically  alloyed  and  beat  treated  SmFej.  The  esti¬ 
mated  domain  wall  thickness  for  a  sample  annealed  at 
500  *C  is  —15  nm  which,  when  compared  to  an  average 
crystallite  size  determined  by  transmission  electron  micros¬ 
copy  (TEM)  of  80  nm,  indicates  that  these  materials  are  mul¬ 
tidomain. 

IV.  CONCLUSIONS 

The  preparation  of  single-phase  SmFe2  by  mechanical 
alloying  is  dependent  upon  post-milling  annealing  condi¬ 
tions.  Some  SmFe,  crystallizes  in  the  material  and  is  thought 
to  form  by  preferential  loss  of  Sm  at  the  sample  surface 
despite  the  addition  of  Sm  in  excess  of  stoichiometric  re¬ 
quirements.  M,  remains  unaffected  by  the  formation  of 
SmFe]  indicating  that  it  is  only  present  as  a  minor  phase.  The 
concentration  of  SmFe3  increases  with  annealing  temperature 
and  gives  rise  to  two  phase  magnetic  behavior  which  mani¬ 
fests  itself  in  constriction  of  the  hysteresis  loop  and  a  second 
maxima  in  xLr  at  a  field  corresponding  to  the  coeicivity  of 
the  harder  SmFe]  phase.  Annealing  at  600  °C  produces  a 
maximum  w/fc=3.09  kOe  which  then  decreases  monotoni- 
cally  with  increasing  annealing  temperature.  This  decrease  in 


UHC  correlates  with  the  increaae  in  grain  size  brought  about 
by  annealing  at  higher  temperatures.  Annealing  at  500  °C 
produced  a  maximum  value  of  MrJ^40.9  etnu/g  with  a  cor¬ 
responding  0.69.  Demagnetization  was  found  to 

become  less  reversible  with  increasing  SmFe]  concentration 
and  as  a  result  Mt  i  decreases  with  increasing  T 

Activation  volumes  ranging  6am  3.3xiO~"  cm3  for  a 
sample  annealed  at  500  *C  to  lOixlO'3*  cm3  for  a  sample 
annealed  at  800  °C  were  determined  from  the  results  of  mag¬ 
netic  viscosity  tests.  The  magnitude  of  o  is  similar  to  that  of 
DyFej  prepared  by  mcchanochemictl  reaction  and  an  order 
of  magnitude  less  than  that  of  bulk  Tb027Dyor)Fe2 .  This 
suggests  that  similar  magnetization  mechanisms  develop  in 
Laves  phase  rare-earth  iron  alloys  prepared  by  mechanical 
alloying.  The  anisotropy  energy  coefficient  K  of  SmFej  pre¬ 
pared  by  mechanical  alloying  is  estimated  to  be  of  the  order 
of  5.6X10^  ergs/cm. 

Measurement  of  the  magnetostriction  of  mechanically 
alloyed  materials  is  currently  in  progress. 
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High  pulsed  field  magnetostriction  In  (fl«Gd,  Tb,  Nd,  and  Y) 

M.  R.  Ibarra,  C.  Marquina,  L  Garda-Orza,  Z.  Arnold,**  and  A.  del  Moral 
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We  have  perfonned  thermal  expansion  and  magnetostriction  experiments  on  several  compounds  of 
the  series  R Mn,  and  R(Mnj  _INiI)2  (A  =Nd,  Gd,  Tb,  and  Y)  using  high  pulsed  magnetic  field  up  to 
15  T  in  the  temperature  range  4-300  K.  A  giant  volume  magnetostriction  of  <u=  -  17x  10  3  was 
observed  in  TbMnj  at  15  T  and  4K.A  negligible  forced  volume  magnetostriction  was  observed  in 
YMnj.  In  GdMn2  paramagnetic  magnetostrictive  behavior  was  found  below  TN .  Magnetostriction 
experiments  were  confirmed  as  a  powerful  tool  in  order  to  determine  the  stability  of  the  magnetic 
moment  on  Mn  in  this  series  of  compounds. 


The  compounds  RMn2  crystallize  in  the  Laves  phases 
structures.  Either  in  the  hexagonal  C14  phase  or  in  the  cubic 
CIS  depending  of  the  rare-earth  ion.  Large  jumps  observed 
in  the  thermal  expansion  are  associated  with  the  appearance 
of  a  local  magnetic  moment  oo  the  manganese  atoms  (/q*,)1 
at  Tk  for  R=fr,  Nd,  Sm,  Gd,  Tb,  and  Y.  Recent  studies  using 
neutron  diffraction  techniques  established  the  existence  of 
two  magnetic  phases  below  TN  in  TbMn2  (Ref.  2)  and  the 
nonhomogeneous  destabilization  of  the  under  pressure.3 
Low-field  ac  susceptibility  measurements  under  pressure  and 
magnetostriction  in  GdMn2  (Ref.  4)  indicated  a  paramagnetic 
behavior  of  the  Gd  ion  below  TN .  The  observed  magnetic 
and  magnetostrictive  behaviors  could  be  explained  on  the 
hypothesis  of  the  coexistence  of  two  phases  below  T„.  A 
transformed  phase  (TP),  which  transforms  at  TN,  is  respon¬ 
sible  for  the  large  spontaneous  magnetovolume  effect.  In  this 
phase  /tMa^O.  The  other  phase  no-transformed  phase  (NTP) 
does  not  present  a  structural  transformation  at  TN.  In  this 
phase  hm,  is  either  zero  or  it  is  induced  in  some  crystallo¬ 
graphic  sites  on  the  Mn  by  the  molecular  field  produced  by 
the  ordered  R  sublattice  as  observed  in  DyMn2.5  A  further 
systematic  study  of  the  magnetic  susceptibility  under  pres¬ 
sure  on  GdMn2  and  TbMn2  (Ref.  6)  gave  support  to  this 
hypothesis  in  order  to  explain  the  experimental  results.  In  the 
present  paper  we  report  magnetostriction  measurements  up 
to  15  T  and  thermal  expansion  measurements  either  under 
applied  magnetic  field  or  under  induced  chemical  pressure. 

We  have  studied  the  compounds  XMn2  with  R=Gd,  Tb, 
Nd,  and  Y,  and  the  pseudobinary  ff(Mn[ -^Ni^jj  for  (A=Y 
and  Gd).  The  samples  were  prepared  by  the  standard  arc 
melting  technique  as  explained  in  these  proceedings  (Ibarra 
et  aL6).  Thermal  expansion  and  magnetostriction  were  mea¬ 
sured  in  the  range  of  temperature  4-300  K  using  the  strain 
gage  technique  and  either  steady  magnetic  field  up  to  12  T  or 
pulsed  magnetic  field  up  to  15  T.  The  anisotropic 
(A,=Aj— Ax)  and  volume  («=Xj+2X1)  magnetostrictions 
were  obtained  from  the  measurement  of  the  parallel  (A|)  and 
perpendicular  (X1)  magnetostrictions. 

There  is  a  well-established  large  magnetovolume  effect 
at  7^—60-90  K  on  cooling  with  a  large  thermal  hysteresis 
(—10-30  K  depending  on  the  sample  internal  stress  and 
method  of  measurement).  Either  the  applied  or  chemical 
pressures  have  a  strong  influence  on  the  magnetic  and  struc¬ 


tural  properties  of  this  compound.  In  fact,  an  applied  pres¬ 
sure  of  3  kbar  can  completely  suppress  the  structural  trans¬ 
formation  in  this  compound.  We  performed  thermal 
expansion  measurements  in  YMn2  under  a  steady  magnetic 
field  of  12  T  and  the  sample  was  destroyed  at  TN  as  a  con¬ 
sequence  of  the  large  spontaneous  magnetovolume  effect, 
which  is  not  affected  by  the  existence  of  the  high  applied 
magnetic  field.  In  Fig.  1  we  display  the  spontaneous  thermal 
expansion  of  the  pseudobinary  Y(Mn099Ni<)OI)2  and  also  un¬ 
der  an  applied  field  of  12  T.  The  observed  forced  volume 
magnetostriction  was  negligible  (<uCl(T6).7  This  result  con¬ 
stitutes  a  clear  evidence  that  the  /q*,  is  stable  under  such  a 
field  and  also  the  absence  of  any  contribution  to  the  magne¬ 
tostriction  bom  the  Mn  ordered  sublattice. 

Thermal  expansion  measurements  in  this  compound  un¬ 
der  an  applied  magnetic  field  up  to  1.5  T  and  in  the  pseudo¬ 
binary  compounds  Gd(Mn,  ,N(,)2  were  performed  in  order 
to  determine  the  effect  of  the  chemical  pressure  on  TN  and 
also  to  test  the  influence  either  of  the  pressure  or  the  applied 
magnetic  field  oo  the  low-temperature  magnetic  phase 
(within  the  NTP  phase4,6).  In  Fig.  2  we  display  the  thermal 
expansion  results  on  the  substituted  compounds  for  different 
Ni  concentrations.  From  these  results  we  can  observe  for 
x=0  a  large  volume  anomaly  associated  with  the  first  order 
transition  at  T*— 104  K  and  an  other  small  anomaly  at 
rc— 35-40  K  which  can  be  associated  with  the  magnetic 
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FIG.  I.  Thermal  expansion  of  YtMng^Ni,^] i-  without  and  under  and  ap¬ 
plied  magnetic  field  of  12  T. 
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i  ordering  within  the  NTP.  The  increase  of  the  Ni  concentra-  The  study  of  the  thermal  expansion  under  an  applied 

'  tion  is  considered  only  as  an  increase  of  chemical  pressure  magnetic  field  up  to  l.S  T  revealed  that  TN  was  not  affected 

due  to  the  different  atomic  radii  of  the  Mn  and  Ni  atoms.  In  by  this  field.  However,  Tc  increases  with  field  (see  inset  Fig.  : 

fact,  we  observed  a  decrease  of  the  Tv  for  increase  x  values  2).  These  results  confirmed  that  the  effect  of  the  applied 

in  good  agreement  with  the  pressure  effect  on  magnetic  field  on  Tc  is  similar  to  that  found  under  applied  ■, 

magnetization.8  We  also  observed  an  increase  of  Tc  with  pressure.4'6 

concentration  as  it  was  observed  in  ac  susceptibility  under  The  obtained  forced  volume  magnetostriction  o> 

pressure  experiments.4  These  experiments  confirmed  the  lo-  (=3Xj=3Xi)  is  represented  in  Fig.  3  at  several  selected  tem- 

calization  of  the  in  the  ordered  regime  (TN<TC  for  peratures.  A  large  increase  of  u>  is  observed  in  the  neighbor- 

x  =0.1).  The  decreasing  value  of  the  anomaly  associated  with  hood  of  Ts.  This  behavior  was  attributed  to  the  anomalous  I 

Ts  as  x  increases  can  be  understood  considering  the  effect  of  behavior  of  the  elastic  constant  due  to  the  softening  of  the 

pressure  which  can  limit  the  volume  of  the  TP  below  the  first  phonon  modes  that  we  can  expect  at  the  first  order  structural 

order  transformation  occurring  at  TN .  transformation  at  TN  (Ref.  4  for  more  details).  In  the  tern-  • 
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FIG.  4.  Forced  volume  mignctoetrictioo  in  TbMnj  ■ 
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perature  range  50-100  K  we  can  observe  a  quadratic  behav¬ 
ior  of  the  magnetostriction  up  to  6  T  (see  inset  Fig.  3).  This 
magnetostriction  is  attributed  to  the  paramagnetic  Gd  ions  in 
the  NTP.4  We  cannot  expect  a  magnetostrictive  contribution 
from  the  TP  phase  on  the  basis  of  an  antiferromagnetic  or¬ 
dering  and  the  lack  of  magnetostriction  in  YMnj  up  to  15  T. 

A  detailed  study  of  the  magnetostrictive  behavior  of  this 
compound  was  given  by  Ibarra  et  aL'*  A  large  thermal  expan¬ 
sion  anomaly  was  observed  at  TM~ 45  K  Below  this  tem¬ 
perature  a  local  Mv,  appears.  Neutron  diffraction  experi¬ 
ments  revealed  the  existence  of  two  magnetic  phases,  which 
coexist  at  low  temperatures.2  The  collinear  antiferromagnetic 
S,  phase  in  which  and  the  S2  (DyMn?  tike  structure) 

in  which  #^,.=0  (except  some  Mn  atoms,  which  present  a 
induced  magnetic  moment).5  A  large  anomaly  was  found  in 
thermal  expansion  at  TM.  The  volume  magnetostriction  of 
this  compound  is  represented  in  Fig.  4.  The  high-field  low- 
temperature  value  is  the  largest  ever  observed  magnetostric¬ 
tion  (to—  —  17X 10-3  at  4  K  and  1ST).  This  large  magneto¬ 
volume  effect  can  be  explained  on  the  basis  of  the  instability 
of  the  TP  under  an  applied  magnetic  field.  These  results  con¬ 
firmed  the  destabilization  of  the  /e*.  under  field  observed  in 
neutron  diffraction  experiments.2  The  magnetostriction  mea¬ 
surements  show  that  die  TP  is  transformed  into  the  NTP 
when  the  magnetic  field  increases;  as  a  consequence,  the 
sample  volume  is  reduced  resulting  in  a  huge  volume  mag¬ 
netostriction.  The  equivalent  value  of  to  at  high  field  and  the 
observed  spontaneous  distortion  [«u=3x(A///)  =  -a»]  con¬ 
firmed  the  former  conclusion.  We  also  performed  thermal 
expansion  measurements  under  a  high  steady  magnetic 
field.10  These  results  showed  the  absence  of  the  structural 
transformation  under  field  higher  than  5  T  and  made  magne¬ 
tostriction  an  excellent  tool  in  order  to  test  the  stability  of  the 
TP  under  an  applied  magnetic  field  in  TbMn2. 

Thermal  expansion  measurements  performed  on  this 
compound  showed  a  large  volume  expansion  of  0.9%  at 
r„~104  K.  We  performed  magnetostriction  measurements 
up  to  15  T  in  the  temperature  range  4-300  K.  In  Fig.  5  we 
display  die  thermal  dependence  of  to  at  15  T.  A  large  increase 


of  the  negative  value  of  u  is  observed  at  TN .  However  the 
field  dependence  of  the  to  isotherms  was  observed  to 
be  the  same  above  and  below  TN.  We  attribute,  as  in  the  case 
of  the  GdMn2,  this  large  increase  to  an  anomalous  behavior 
of  the  elastic  constants  as  a  consequence  of  the  possible  soft¬ 
ening  of  the  phonon  modes  at  TN .  A  more  detailed  report  of 
these  results  will  be  published  elsewhere."  As  a  general  re¬ 
sult  we  should  mention  the  large  hysteresis  observed  in  the 
magnetostriction  isotherms  at  temperatures  below  the  struc¬ 
tural  transformation.  The  effect  of  the  field  is  transduced  in  a 
remanent  magnetostriction  which  results  in  a  reduction  of 
0.4%  in  the  volume  of  the  sample.  Increasing  the  tempera¬ 
ture  we  observed  a  spontaneous  contraction  of  0.5%  instead 
of  the  0.9%  observed  when  the  sample  is  not  subjected  to  the 
action  of  an  applied  magnetic  field.  As  a  consequence  of 
these  results  we  cannot  exclude  the  effect  of  the  magnetic 
field  on  the  stability  of  in  this  compound. 

We  can  conclude  that  magnetostriction  measurements 
are  quite  valuable  in  order  to  obtain  information  on  the  na¬ 
ture  of  the  different  magnetic  phases  in  R  Mn2  and  constitute 
the  best  and  easiest  test  for  the  stability  of  the  /im,  under  an 
applied  magnetic  field  in  these  compounds. 
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An  ultrasonic  study  of  ths  Naai  transition  In  dilute  Cr-AI  alloy 
single  crystals 
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Measurements  are  reported  of  the  temperature  variation  of  the  sound  velocity  and  ultrasonic 
attenuation  coefficient  of  Cr-AI  alloy  single  crystals  containing  1.2, 1.9,  and  2.6  at  %  A).  The  results 
close  to  the  Neel  temperature  are  not  satisfied  by  existing  theories  for  the  critical  behavior  of 
itinerant  electron  antiferromagnets. 


I.  INTRODUCTION 

The  incommensurate  (I)  spin  density  wave  (SDW)  to 
paramagnetic  (P)  transition  at  the  Neel  temperature  ( TN )  of 
pure  Cr  is  weakly  first  order,  making  the  application  of  ex¬ 
isting  theories  for  the  critical  behaviour  near  TN  strictly 
speaking  not  valid.  The  order  as  well  as  the  nature  of  the 
transition  at  TN  are,  however,  modified  by  alloying  Cr  with 
other  elements  to  form  dilute  solid  solutions.  For  some  im¬ 
purities  the  first-order  transition  is  changed  to  a  second-order 
one  and  the  ISDW-P  transition  to  a  commensurate  (C) 
SDW-P  transition.  It  was  recently  observed,1  using  neutron 
diffraction  techniques,  that  the  transition  at  Ts  in  Cr-AI  al¬ 
loys  containing  1.2,  1.9,  and  2.6  at  %  A1  is  of  the  second 
order,  being  an  ISDW-P  transition  in  the  first  two  alloys  and 
a  CSDW-P  transition  in  the  2.6  at  %  A!  alloy.  Cr-AI  alloys 
with  these  Ai  concentrations  are  therefore  ideally  suited  to 
test  theoretical  predictions  for  the  contributions  of  critical 
fluctuations  to  the  ultrasonic  attenuation  coefficient  (a)  and 
the  longitudinal  velocity  of  sound  (vL)  near  TN  for  both 
types  of  transitions.  We  report  here  measurements  of  a  and 
v,  as  a  function  of  temperature  through  TN  for  Cr-A]  alloy 
single  crystals,  containing  1.2, 1.9,  and  2.6  at  %  AI.  The  data 
are  analyzed  in  terms  of  the  theoretical  predictions  of  Maki 
and  Nakanishi2  and  Sato  and  Maki3  that  are  valid  for  second- 
order  CSDW-P  and  ISDW-P  transitions. 

II.  EXPERIMENTAL 

The  single  crystals,  containing  1.2,  1.9,  and  2.6  at  %  AI, 
are  the  same  crystals  previously  used1  in  magnetoelastic  and 
neutron  diffraction  studies.  In  the  present  study  the  pulse- 
echo-overlap  technique4  has  been  used  to  obtain  ultrasonic 
velocities  and  ultrasonic  attenuation  coefficients.  The  phase 
comparison  method  used  in  the  previous  study1  on  the  mag¬ 
netoelastic  properties  of  these  crystals,  do  not  allow  for  at¬ 
tenuation  measurements  and  has  a  sensitivity  of  only  1  in  103 
for  velocity  changes  with  temperature,  compared  to  1  in  105 
for  the  pulse-echo-overlap  technique.  JT-cut  10  MHz  quarts 
transducers  were  bonded  to  the  crystals  with  Araldite  epoxy 
resin  to  generate  longitudinal  waves  propagating  along  the 
[100]  or  [110]  crystallographic  directions. 

IK.  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  temperature  dependence  of  vL  for  the 
three  crystals  and  Fig.  2  that  of  a  for  Cr+ 1.2  at  %  AI.  The 
ISDW-P  transition  in  the  Cr+1.2  at  %  AI  crystal  is  charac¬ 
terized  by  a  sharp  attenuation  peak  of  width  at  half  amplitude 


of  about  3  K,  occurring  at  217.4  K  (Fig.  2).  We  do  not  know 
the  reason  for  the  small  shoulder  on  the  a-T  curve  observed 
in  Fig.  2  at  214  K  for  this  crystal,  but  note  that  it  is  not 
reflected  on  the  vL-T  curve  of  this  alloy  [Fig.  1(a)].  Difficul¬ 
ties  were  encountered  near  TN  in  measuring  a  for  the  other 
two  crystals  and  we  do  not  give  a-T  graphs  for  them.  Away 
from  the  transition  region  the  pulse-echo  trains  of  the  two 
crystals  containing  1.9  and  2.6  at  %  AI  showed  normal  ex¬ 
ponential  decay.  However,  the  pulse-echo  train  developed  a 
distinctive  interference  pattern  in  the  transition  region  close 
to  Ts.  This  interference  pattern  is  temperature  dependent, 
making  a  measurements  close  to  TN  in  these  two  crystals  to 
a  certain  extent  unreliable.  Similar  effects  were  previously 
also  encountered3  in  a  Cr-Ru  single  crystal  and  may  be  at¬ 


ria) 


FIG.  1.  Temperature  dependence  of  the  longitudinal  sound  velocity  (ut  )  for 
(a)  Cr+1.2  at  *  AI  along  [100],  (b)  Cr+1.9  at  %  AI  along  [100],  and  (c) 
0+2.6  at  %  AI  along  [110]. 
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FIG.  2.  'Temperature  dependence  of  the  ultrasonic  attenuation  coefficient  (a) 
for  0+1.2  at  %  Al  for  wave  propagation  along  [100]. 


tributed  to  macroscopic  ISDW  and  P  domains,  due  to  slight 
sample  inhomogeneities,  that  coexist  near  TN  in  Cr+ 1 .9  at  % 
Al  and  Cr+2.6  at  %  Al.  Notwithstanding  the  difficulties  with 
interference  effects  near  TN,  the  following  observations 
could,  however,  be  made  for  these  two  crystals:  Firstly,  a 
shows  a  peak  centered  around  (132±4)  K  for  Cr+ 1.9  at  % 
Al  and  around  (255  +5)  K  for  Cr+2.6  at  %  Al.  Secondly,  for 
both  Cr+1.9  at  %  Al  and  Cr+2.6  at  %  Al,  a  is  larger  in  the 
SDW  state  than  in  the  P  state  away  from  the  transition  where 
the  interference  effects  are  absent.  For  Cr+1.9  at  %  Al,  for 
which  the  transition  at  TK  is  an  ISDW-P  transition,  a(ISDW) 
~6a(P)  and  for  Cr+2.6  at%  Al  with  a  CSDW  phase  at 
T<Tn,  o(CSDW)~2a(P).  The  intereference  effects  were 
absent  for  Cr+ 1.2  at  %  Al. 

The  a-T  curves  show  peaks  at  (217.6+0.3)  K,  (132+4) 
K,  and  (255  +5)  K,  respectively,  for  Cr+1.2  at  %  Al,  Cr+1.9 
at  %  Al,  and  Cr+2.6  at  %  Al.  These  temperatures  correspond 
well  with  values  of  TN  equal  to  219,  134,  and  256  K, 
determined1  respectively  for  these  three  crystals  using  neu¬ 
tron  diffraction  techniques.  The  temperatures  at  the  peak  in  a 
is  thus  taken  as  tn.tn  is  about  13  K  above  the  temperature 
of  the  deep  minimum  observed  on  the  vt-T  curves  for  Cr 
+  1.2  at  %  Al  and  Cr+1.9  at  %  Al  and  also  about  13  K  above 
the  weaker  minimum  at  242  K  for  Cr+2.6  at  %  Al.  For  the 
0+1.2  at  %  Al  crystal  the  peak  on  the  a-T  curve  coincides 
nearly  exactly  with  the  temperature  217.6  K  at  the  small 
peak  on  the  vL-T  curve  (see  Figs.  1  and  2).  In  the  case  of  the 
other  two  crystals,  TN  lies  at  the  inflection  point  occurring 
above  the  minimum  of  their  vL-T  curves.  The  small  peak  at 
TV  on  the  vl-T  curve  of  0+ 1.2  at  %  Al  was  not  observed  in 
the  previous1  magnetoelastic  measurements.  This  is  probably 
due  to  the  fact  that  data  were  recorded  previously1  only  ev¬ 
ery  2-3  K,  compared  to  the  present  study  in  which  data  were 
recorded  at  about  0.3  K  intervals  near  TN .  Furthermore,  the 
vl-T  curve  of  Fig.  1  for  Cr+1.2  at  %  Al  does  not  show  the 
discontinuous  jump  previously  observed1  for  the  elastic  con¬ 
stant  ctI  at  Tn.  Instead,  the  present  measurements  show  a 
continuous  transition  at  TN  for  this  crystal  as  is  also  observed 
in  the  neutron  diffraction  measurements.1 

Maki  and  Nakanishi2  used  a  two-band  model  in  which 
the  electron  and  hole  Fermi  surface  sheets  are  spherical  but 
of  different  sizes,  to  calculate  the  effects  of  critical  fluctua¬ 


tions  on  a  and  vL  fix  itinerant  electron  andferromagnets  like 
Cr  and  its  dilute  alloys.  They  further  assumed  ql*>  1 ,  where 
q  is  the  wave  vector  of  the  sound  wave  and  1  the  electronic 
mean-free  path,  and  found  that  a  for  longitudinal  sound 
waves  diverges  near  TN  as  where  17=  1 1  -  777V|,  for  a 
transition  from  the  P  phase  to  the  CSDW  phase  (as  in  Cr 
+2.6  at  %  Al)  and  like  tfin  for  a  P-ISDW  transition  (as  in 
Cr+1.2  at  %  Al  and  Cr+1.9  at  %  Al). 

For  vL  the y  predicted  a  sharp  dip  at  TN  diverging  as 
rf>n  for  a  P-CSDW  transition  and  as  if 3/2  for  a  P-ISDW 
one.  Sato  and  Maid3  did  the  same  type  of  calculations  but 
considered  the  electron  and  hole  Fermi  surface  sheets  to  be 
octahedral  in  shape  instead  of  spherical.  In  the  limit  ql<  1, 
which  should  correspond  better3  with  the  experimental  situ¬ 
ation,  they  obtained  a  if 112  divergence  near  Ts  for  a  in  a 
P-ISDW  transition  while  the  divergence  is  negligible  for  a 
P-CSDW  transition.  In  the  case  of  vL  they  found  no  diver¬ 
gence  for  both  the  P-CSDW  and  P-ISDW  transitions  at  TN. 

The  predictions  of  Sato  and  Maid3  do  not  satisfy  the 
experimental  observations  for  the  vL-T  curves  of  Fig.  1.  This 
is  also  the  case  for  the  predictions  of  the  theory  by  Maki  and 
Nakanishi,2  who  predict  a  dip  in  the  vL-T  curve  at  TN  with 
the  divergences  as  described  above.  Although  the  experiment 
does  indeed  give  a  dip  in  the  vL-T  curves,  it  only  appears 
about  13  K  below  TN.  There  is  no  if in  or  r)  irl  divergence 
near  the  observed  TN . 

Plots  of  ln(«/ao_l)  vs  In | ( 1  —  TITN)\  for  the  Cr+1.2 
at%  Al  crystal  were  found  to  be  straight  lines  for  T>TN 
(from  217.6  to  220.6  K)  and  T<TN  (from  212.1  to  217.1  K), 
suggesting  that  o=a0+h|(l  ~T/TN)\y  with  a,,  and  b  con¬ 
stants,  fits  the  experimental  results  well  close  to  TN .  For  this 
crystal  we  obtain  y_  =  -(0.34  +0.03)  for  T<TN  and 
y+  =  -(l.l+0.1)  for  T>Tn.  The  value  of  y_  is  very  similar 
to  the  value  y_=- (0.28 ±0.05)  obtained  by  de  Camargo 
et  aL 6  for  a  Cr+0.5  at  %  V  crystal  that  also  has  an  ISDW 
state  at  T<TN.  The  value  of  y,  do  not  compare  too  well 
with  y+  =  -2.5  predicted  by  Maki  and  Nakanishi2  and  also 
not  with  the  value  y+  =  -0.5  predicted  by  Sato  and  Maki3  for 
this  transition. 

In  conclusion,  the  temperature  dependences  of  the  veloc¬ 
ity  of  sound  and  ultrasonic  attenuation  coefficient  near  TN  of 
Cr-Al  alloy  single  crystals  are  not  satisfied  by  existing  theo¬ 
ries.  The  measurements  reported  here  were  done  on  poly-Q 
single  crystals,  consisting  each  of  three  possible  Q  domains, 
where  the  SDW  Q  vector  is  along  a  different  cube  axis  in 
each  domain.  To  resolve  the  discrepancy  between  experiment 
and  theory  found  above,  measurements  should  also  be  done 
on  single-Q  Cr-Al  crystals,  containing  only  one  Q  domain 
with  the  SDW  Q  vector  directed  along  a  chosen  cubic  axis.  It 
is,  however,  presently  not  known  how  to  prepare  such  a  state 
in  the  Cr-Al  alloys.  This  is  a  problem  for  future  study. 
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Magnetostriction  of  polycry staliine  Coiuo-^Pd,  alloys  was  measured  by  the  strain  gauge  method 
from  4  to  300  K.  The  saturation  magnetostriction  X1=(2/3)[(Ai/I)j-(A.'  'l)JJ,  where  (A£/L)j 
and  (AI/I)1  are  the  saturated  values  (when  HE  >5  ItG)  of  Al/f.  in  fields  parallel  and  perpendicular 
to  sample's  length  ( L ).  X,  at  4  K  is  found  to  change  sign  from  positive  to  negative  value  as  a  is 
increased  from  below  x0=5O  at.  %  Pd  to  above.  This  phenomenon  can  be  understood  from  the 
split-band  theory  for  Co-Pd  alloy.  However,  since  some  experimental  facts  indicate  that  unquenched 
orbital  moments  may  exist  in  the  a >50  at.  %  Pd  alloys  it  is  necessary  to  consider  X,  =  Xj*- 
+  X“,  where  Xj***  is  due  to  the  split-band  theory  and  X“  is  from  the  one-ion  mechanism.  Under 
this  proposal,  it  is  possible  to  explain  why  X,(4  K)  is  not  antisymmetric  with  respect  to  a0.  Finally, 
two  different  origins  of  temperature  dependence  of  X,  are  discussed. 


I.  INTRODUCTION 

In  the  past,  magnetocrystalline  anisotropy  and  magneto¬ 
striction  of  Co-Pd  single  crystals  have  been  measured  along 
the  (100)  and  (111)  axes.1-3  The  temperature  range  of  the 
measurements  was  from  77  to  300  K.  By  plotting 
/i,=3/2X100  and  h2=V2\in  as  a  function  of  the  reduced  tem¬ 
perature  TITC,  where  Tc  is  the  Curie  temperature,  they  ob¬ 
tained  A,  and  h2  values  at  0  K  by  extrapolation  method. 

In  this  paper,  we  report  saturation  magnetostriction  data 
X,  of  polycrystalline  Co1()0_,PdT  samples  as  a  function  of  x 
at  4  K,  and  their  temperature  dependence  from  4  to  300  K.  In 
addition,  since  X100  and  Xln  are  known,  it  is  possible  to  test 
the  empirical  formula  for  averaged  X,  (Ref.  4) 

X,  =  aXi00  +  (  1  —  a)Xm  d) 

and  to  see  whether  a  is  equal  to  2/5.  In  Eq.  (1),  a  polycrys- 
talline  aggregate  of  cubic  materials  is  assumed. 

II.  EXPERIMENTS 

A  series  of  Co,00_IPdI  alloys  have  been  made 
previously.5  In  order  to  fit  the  sizes  of  strain  gauges  used, 
each  sample  was  cut  in  the  form  of  1.0X0.4X0.06  cm3  from 
an  ingot.  No  further  heat  treatment  was  made.  We  have 
checked  the  room  temperature  resistivities  of  these  samples, 
and  they  agree  with  our  earlier  results  quite  well. 

Magnetostriction  was  measured  with  a  Karma-alloy  type 
strain  gauge  (WK-06-062AP-350),  purchased  from  Measure¬ 
ments  Group  company.  This  kind  of  gauge  is  best  suited  for 
the  strain  measurements  in  the  low-temperature  and  high 
magnetic-field  environment.  The  gauge  was  glued  to  each 
sample  along  the  long  axis  with  an  M-600  bond.  The  glue 
was  cured  at  7"=  110  °C  for  2  h.  Then,  the  sample  was  glued 
to  the  tips  of  two  phosphorus-bronze  strips  with  Duco  Ce¬ 
ment.  The  strips  are  flexible  to  move  in  the  direction  of  lon¬ 
gitudinal  magnetic  field,  but  at  the  same  time  they  minimize 
other  motions,  including  rotations,  of  the  sample  in  magnetic 
field;  the  other  ends  of  the  strips  are  simply  bolted  on  the  tip 
of  a  sample  holder.  The  sample-holder  tod  is  inserted  into  a 
CF1200  cryostat,  which  is  fitted  in  the  gap  of  a  7  in.  electro¬ 
magnet.  The  temperature  can  be  varied  from  4  to  300  K  by 
using  an  ITC4  temperature  controller.  On  the  sample  holder, 


very  near  to  the  sample,  we  have  placed  another  “identical” 
dummy  gauge  with  the  same  orientation  as  that  of  the  active 
gauge.  The  active  and  the  dummy  gauges  form  two  arms  of 
a  half-bridge  circuit.  Then,  with  an  excitation  voltage  of  2-3 
V  applied  to  the  bridge,  we  can  read  the  strain  value  directly 
from  the  model  3800  strain  indicator. 

An  uniform  strain  cantilever  beam  was  made  to  check 
the  gauge  factor  F  of  the  WK  gauge  at  room  temperature.6 
By  setting  F  = 2.02,  supplied  by  the  manufacturer,  we  find 
that  the  ratio  of  calculated  strain  e=(Ay)r//2,  where  Ay  is 
the  deflection  of  the  free  end,  r  is  the  thickness,  and  /  is  the 
length  of  the  beam,  to  measured  strain  A L/L  is  about  95%. 
We  did  not  investigate  the  temperature  variation  of  gauge 
factor.  However,  Ref.  6  has  already  plotted  the  temperature 
dependence  curve  of  F  for  the  Karma  type  strain  gauges.  The 
maximal  percentage  change  in  F  is  only  about  4%  from  300 
down  to  4  K.  With  the  characteristic  F-factor  curve  known,  it 
is  possible  to  determine  the  gauge  factor  value  at  any  tem¬ 
perature  between  4  and  300  K. 

The  sample  was  first  cooled  down  all  the  way  to  4  K. 
When  temperature  reaches  a  steady  value,  we  started  to  mea¬ 
sure  the  changes  of  strain,  (Af./L)|  and  (A L/L)l ,  with  the 
fields  in  sample’s  plane,  and  parallel  and  perpendicular  to  the 
sample’s  long  axis,  respectively.  TWo  typical  ( Ai/i)[  and 
(A i/iJx  curves  as  a  function  of  external  magnetic  field  HE 
are  plotted  in  Fig.  1.  When  HE> 5  kG,  (AZ./F)|  and 
(AL/L)1  will  approach  the  saturated  values  (AF/L)j  and 
(AL/L)’,  respectively.  By  definition,  the  linear  magneto¬ 
striction  at  saturation  for  polycrystalline  samples  is7 

XJ=(2/3)[(Ai/i)f-(Ai/i)i],  (2) 

Then,  the  sample’s  temperature  was  raised  in  50  K  incre¬ 
ments,  and  the  (AL/L)|  and  (A L/L)±  measurements  were 
repeated.  It  was  found  that  after  cycling  between  low  tem¬ 
perature  and  room  temperatures,  X,  may  show  some  thermal 
hysteresis.  If  we  cycle  the  temperature  again,  the  degree  of 
thermal  hysteresis  decreases.  Here,  we  only  present  X,  data 
from  the  first  run.  Note,  the  thermal  hysteresis  does  not 
change  the  sign  of  X, .  In  addition,  a  piece  of  brass,  the  same 
construction  material  for  sample  holder,  was  substituted  for 
the  sample.  By  measuring  X,  of  brass,  we  found  that  the 
noise  is  smaller  than  2X10-7  up  to  7  kG.  The  magnitude  of 
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FIG.  1.  The  linear  magnetostriction  &L/L  in  parallel  and  perpendicular  FIG.  3.  The  temperature  dependences  of  Col00_xPd,  alloys  as  a  function  of 
external  fields  HE  for  Co55Pd45  and  Co^Pdrj  at  4  K.  temperature.  Pd75  means  Co^Pdy,  sample. 
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.Vj  in  Co-Pd  if  about  1X10  5  or  more.  The  polycrystalline 
nature  of  each  sample  was  checked  by  x  ray. 

III.  RESULTS  AND  DISCUSSION 

The  open  circles  in  Fig.  2  represent  the  linear  saturation 
magnetostriction  X,  data  as  a  function  of  x  at  T=4  K.  X, 
chang.  s  its  sign,  from  positive  to  negative,  near  xt.= 50  at.  % 
Pd.  This  finding  coincides  with  our  earlier  discovery  that  the 
anisotropic  magnetoresistance  of  Co-Pd  has  a  maximum  at 
x0=55  at.  %  Pd.3  The  same  things  also  happen  in  Co-Ni 
alloys  with  x0=65  at.  %  Ni.8  From  the  split-band  model, 
these  phenomena  are  associated  with  the  Fermi  level  cross¬ 
ing  the  boundary  between  the  Co  and  Pd  subbands  or  the 
near  degeneracy  caused  by  the  spin-orbit  interaction.  Since 
the  shift  in  energy  (Sf,)av  above  the  degeneracy  is  the  same 
but  opposite  in  sign  to  that  below  the  degeneracy.  We  think 
that  magnetostriction  due  to  split-band  term  xj*”"1  should  be 
antisymmetric  with  respect  to  x„.  In  other  words,  as  x  is  near 
*o.  kT“'(x>  ~  *0)  =  -X,  (x0  -  jr<),  where  x,>x0, 

x<<x0  and  x>-x0=x0-x<.  Looking  at  X,  data  for 
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FIG.  2.  The  saturation  magnetostriction  X,  plotted  vs  the  Pd  concentration  x 
at  4  K. 


Co-Ni,8  we  know  the  above  statement  is  true,  provided  x  is 
not  far  from  x0.  However,  in  Fig.  2  X,  of  Co-Pd  behaves 
slightly  different;  although  X,(x>)<0  and  X,(x<)>0, 
|X,(x>)|  is  much  larger  than  |X](x<)|.  To  resolve  this  dif¬ 
ference,  it  is  first  noted  that  Co-Pd  may  have  an  unquenched 
oibital  (or  localized)  moment  in  the  Pd-rich  (x>)  region. 
Then,  aside  from  the  band  contribution,  there  is  also  the 
one-ion  contribution  to  X, .  Mathematically,  we  write 

X,(x>)  =  xj“(jt?)  +  x5*“d(x>)  =  Xj°*(x>)-Xj“J(ji<) 


where  the  antisymmetric  nature  of  X^*"1  has  been  assumed. 
The  dashed  line  in  Fig.  2  indicates  the  split  band  term,  and 
the  connected  solid  squares  indicate  the  one-ion  term  for 
x>x0.  Clearly,  |Xf"(x>)|  »*|  X^"d(jr>)|  and  Xj”(x>)  has  a 
peak  at  x>=75  at.  %.  This  agrees  with  the  finding  on  crys¬ 
talline  anisotropy  energy  of  Co-Pd  that  it  peaks  at  x>=85 
at.  %  Pd.1 

This  negative  value  of  X™  is  understood  from  Refs.  9 
and  10 

X“=  -  ( V/Y)[A.J,(R)  +m»f,/M)],  (4) 

where  i)  is  a  constant,  Y  is  the  Young’s  modulus,  R  is  the 
distance  between  the  nearest  neighbors,  fi(R)cx(\/R)1* 1  >0 
is  the  interaction  between  the  local  moment  and  the  neigh¬ 
boring  ions,  l  is  the  angular  momentum,  and 
Aat;>6(2/5)+2(3/5)=3.6  for  polycrystalline  fee  alloys  (usu¬ 
ally  for  most  fee  elements,  C„  c, 2<c«  ,  where  C,7  is  the 
elastic  stiffness  constant).  Since  I  is  usually  set  equal  to  2, 
from  Eq.  (4),  it  is  easy  to  show  that  X]03  <  0. 

Considering  Eq.  (1)  and  taking  Xt00  and  X„,  data''3  with 
a=2J5,  we  find  X,  does  not  necessarily  equal  the  X,  found 
here.  Perhaps,  as  stated  in  Ref.  4,  a  differs  from  2/5,  depend¬ 
ing  on  the  measure  C=2C41/(C,,-Ci2)  of  the  elastic 
anisotripy  of  the  crystals. 

Figure  3  shows  X,  of  Co,00_,Pd,  alloys  as  a  function  of 
temperature.  Grossly  speaking,  in  the  temperature  range 
4-300  K,  it  is  observed  that  (1)  if  x<x0,  X,  is  mostly  posi- 
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tive  and  the  temperature  dependence  of  X,  is  flat,  and  (2)  if 
x>x0,  is  mostly  negative  and  the  temperature  dependence 
of  X,  is  steeper. 

As  discussed  in  Ref.  8,  xj*”8  “  G/Y,  where  G  is  a  mea¬ 
sure  of  magnetostriction,  proportional  to  the  shift  (Sf\)au . 
This  shift  is  related  to  orbital  angular  momentum  La(fF)  by 
=  £Lj(€f),  where  £  is  the  spin-orbit  interaction  pa¬ 
rameter  in  the  solid  state.8’11  (  or  the  enetgy  gap  is  of  the 
order  of  0.15  eV=«0(1000  K),  though  it  may  be  reduced  to 
one-half  due  to  the  nonsphericity  of  the  Fermi  surface.  Then, 
{  or  G  is  less  likely  to  be  affected  by  the  rising  temperature 
(T« 300  K).  Here,  since  both  XJ*”8  and  Xf  contain  the  tem¬ 
perature  dependent  Young's  modulus  term,  the  effect  of  Y  is 
left  out  when  considering  the  temperature  dependence  of 
xj“d  and  Xf.  For  X“,  from  Eq.  (4),  the  angular  compo¬ 
nent  contained  in  T)  is  also  temperature  dependent.  According 
to  Cailen’s  theory,12  because  of  changes  of  populations 
among  quantized  states  when  temperature  is  raised, 
X“(T)/X“(0)  =  ( v)tI(v)q  «  [W,(T)/A/,(0)]'<'+1>'2, 
where  M,  is  the  saturation  magnetization  and  /= 2.13  Usu¬ 
ally,  the  level  splitting  due  to  the  exchange  molecular  field 
Hm  in  metal  or  nonmetal  is  2/iBHm=*0.02  eV,  where  fiB  is 
Bohr  magneton.14  Since  2/u BHm<£,  it  is  believed  that  the 
X“  is  more  easily  affected  by  temperature  than  xj*”8.  For 
example,  for  Co2jPd75,  its  37,(300  K) =0.587',  Ms( 5  K) 
=0.687",  and  (T=300  K)/7'(.  =-0.72  from  this  measurement. 
Then,  by  taking  1=2  we  have  [37,(300  K)/M,(S  K)]3=0.62. 
But  X,(300  K)/X,(4  K)=0.82.  The  slower  temperature  depen¬ 
dence  of  X,(T),  since  0.82>0.62,  indicates  that  besides 
there  is  a  less  temperature  dependent  Xj*^(7^  term 
contributing  to  This  point  is  also  reflected  from  the 

observation  in  Fig.  3  that  for  Co,oPdIO  -  CoS5pd4s  samples, 
the  changes  in  X,(7")  from  4  to  300  K  are  smaller  than  that 
for  Co43Pd55  -  Co5Pd,;  samples  in  general. 


IV.  CONCLUSION 

We  have  disscussed  the  linear  satureatioo  magnetostric¬ 
tion  X,  of  Co-Pd  alloys.  X,  changes  its  sign  near  z0=SO 
at.  %Pd  as  predicted  from  the  split-band  model.  For  or>x0, 
we  find  that  in  addition  to  the  band  mechanism  the  one-ion 
mechanism,  due  to  the  unquenched  orbital  moment,  gives 
second  contribution  to  X,.  The  order  of  X“  in  the  range 
x>x0  is  estimated.  Finally,  the  temperature  dependence  of  X, 
is  so  discussed  that  X,  (71)  could  be  separated  form 
X“(T). 
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Hysteretic  and  other  relationships  between  technical  magnetostriction 
and  magnetization 

I.  J.  Garshetis 

Magnetoelastic  Devices,  Inc.,  P.  O.  Box  625,  Pittsfield,  Massachusetts  01202 

The  appearance  of  functional  relationships  between  magnetostrictive  strain,  e-lxl/l,  and 
magnetization,  M,  is  critically  examined.  Correlations  between  e  and  M  are  found  to  derive  entirely 
from  the  dependence  of  each  on  the  orientation  of  the  spin  vector  relative  to  a  common 
measurement  direction.  In  single  uniaxial  domains,  or  in  equivalent  bulk  bodies,  with  isotropic 
magnetostrictions  Xs ,  the  simple  e*M2  relationship  arises  from  the  closely  related  trigonometric 
functions  involved  in  their  respective  measurements.  To  be  hysteretic  it  is  shown  that  it  is  at  least 
necessary  for  X,  to  be  anisotropic  in  a  single  domain  or  for  there  to  be  two  or  more  domains 
distinguished  by  their  orientations  or  other  factors  affecting  their  switching  fields.  It  is  concluded 
from  this  study  that  e  has  no  direct  dependence  on  M  nor  are  there  physical  sources  in  their 
hysteretic  relationships  that  are  not  already  manifest  in  M  vs  H. 


INTRODUCTION 

The  generally  nonlinear  and  hysteretic  dependence  of 
magnetization,  M ,  on  applied  field,  H,  is  the  quintessential 
feature  of  ferromagnetic  behavior.  In  most  ferromagnetic  ma¬ 
terials,  the  application  of  stress,  or,  markedly  alters  the  slopes 
and  intercepts  characterizing  this  M-H  relationship;  only  the 
material-dependent  saturation  magnetization,  Af,,  is  unaf¬ 
fected.  The  dimensions  of  a  body  made  from  such  stress- 
sensitive  ferromagnetic  materials  also  vary  with  H  in  a  gen¬ 
erally  nonlinear  and  hysteretic  manner.  The  change  in  any 
dimension  /  is  characterized  by  a  magnetostrictive  strain 
«(  =  A///).  The  slopes  and  intercepts  characterizing  the  e-H 
relationship  are  also  markedly  affected  by  a,  although  there 
again  exists  a  material-dependent  saturation  magnetostric¬ 
tion,  X, ,  which  is  reached  at  the  same  field  as  Ms .  These 
remarkable  similarities  in  the  dependencies  of  M  and  eon  H 
and  <7  lead  naturally  to  the  idea  that  some  systematic  rela¬ 
tionship  exists  between  M  and  e.  Observations  of  e  varying 
with  M2,  e.g.,  in  nickel  under  tension,1  68  permalloy  heat 
treated  in  a  transverse  field,2  and  terfenol  under 
compression,3  suggest  that  e  is  in  fact  more  dependent  on  M 
than  on  H.  The  notably  reduced  hysteresis4  often  seen  in 
plots  of  e  vs  M,  compared  to  e  vs  H,  adds  to  this  view. 

Still,  there  are  circumstances  where  e  and  M  are  just  as 
clearly  unrelated.  For  example,  e  varies  with  cr  even  in  an 
unmagnetized  body  (when  M =0).  This  is  manifested  as  an 
elastic  modulus  defect  (A£  effect)  and  in  magnetomechani¬ 
cal  damping.5  Also,  magnetization  changes  in  square  loop 
materials  take  place  with  no  concomitant  change  in  e. 

In  order  to  clarify  these  various  and  inconsistent  appear¬ 
ances  of  a  functional  relationship  between  e  and  Af,  we  ex¬ 
amine  the  physical  bases  of  the  manifestation  of  each  and 
critically  appraise  the  circumstances  under  which  they  can  be 
related  by  an  analytical  function  as  well  as  the  requirements 
for  hysteresis  to  appear  in  their  relationship. 

THEORY 

It  is  instructive  to  first  examine  the  relationship  between 
M  and  e  for  a  single  domain  particle.  For  convenience  we 
consider  a  small  particle,  schematically  illustrated  in  Fig. 


1(a),  that  is  fixed  in  space  and  spherical  in  shape  in  its  para¬ 
magnetic  state  at  some  elevated  temperature.  When  cooled  to 
an  equilibrium  temperature  below  its  Curie  point  [Fig.  1(b)], 
the  panicle  develops  a  spontaneous  magnetic  moment  of  vol¬ 
ume  density  Af,  orientated  within  the  particle  by  some  an¬ 
isotropic  influence  generally  associated  with  some  regularity 
in  the  composition  or  microstructure.  Orbital  alignments  re¬ 
lated  to  the  spins  also  act  to  alter  the  interatomic  spacing 
differently  in  spin  versus  nonspin  directions.  The  cumulative 
effect  is  a  spontaneous  elongation  or  contraction  of  the  di¬ 
mensions  of  the  particle  in  a  manner  dependent  on  the  mea¬ 
surement  direction  relative  to  the  anisotropy  axis.  When 
measured  in  the  moment  direction,  this  spontaneous  magne¬ 
toelastic  strain  (which  can  be  >0  or  <0)  defines  X, .  For  the 
example  illustrated  in  Fig.  1,  X,>0. 

Ignoring  the  actual  physical  source,  for  the  present  the 
anisotropy  is  assumed  to  be  uniaxial,  of  energy  density  Ku . 
At  this  stage  X,  is  also  assumed  to  be  isotropic,  i.e.,  the 
magnetoelastic  strain  in  the  direction  of  the  moment  is  inde¬ 
pendent  of  the  orientation  of  the  moment  relative  to  the 
prime  (easy)  axis  established  by  the  anisotropy  source. 

Using  a  simple  approximation  to  the  new  shape  of  the 
particle,  and  assuming  that  its  volume  is  unchanged  by  the 
presence  of  its  moment,  the  strain  measured  in  a  direction 
inclined  at  angle  tfi  to  the  moment  can  be  found  from6 

e=3X,(cos2  <t>- 1/3)12.  (1) 

The  measured  magnetization  in  this  same  direction  is 


FIG.  1.  (a)  A  small  spherical  particle  above  its  Curie  temperature  (7C).  (b) 
Below  Tc ,  magnetization  Af,  and  magnetostriction  X,  develop  in  a  direction 
associated  with  structural  or  compositional  anisotropy. 


5370  J.  Appl.  Phys.  75  (10),  15  May  1994 


0021  -8979/94/75(1 0)/5670/3/$6.00 


C  1994  American  Institute  of  Physics 


J 

t 


» 


0  0.5  it  x 


MEASUREMENT  DIRECTION  (*)  ■  rad 

FIG.  2.  (a)  Variation  of  «  in  a  single  domain  with  inclination  (4)  of  mea¬ 
surement  axis  to  moment  direction,  (b)  Corresponding  variation  of  Af . 


M=M,  cos  0.  (2) 

The  manner  and  extent  of  the  variations  in  e  and  Af  with 
direction  relative  to  M,  are  seen  in  the  (reduced  form)  plots 
of  Eqs.  (1)  and  (2)  shown  in  Figs.  2(a)  and  2(b),  respectively. 

The  measurement  direction  of  interest  is  not  casually 
selected  but  is  most  usually  associated  with  (e.g.,  coincident 
with)  the  direction  of  an  applied  field  or  stress.  Under  the 
condition  where  H  is  applied  at  some  angle  0  to  the  Ku  axis, 
the  moment  rotates  from  its  quiescent  alignment  with  Ku, 
towards  H,  through  such  an  angle  6  as  to  minimize  the  sum 
(£)  of  the  magnetostatic  (£„)  and  anisotropy  (£*)  energies. 
This  is  illustrated  by  the  vector  diagram  in  Fig.  3(a).  At  some 
critical  value7  of  a  reversed  polarity  field,  the  stable  orienta¬ 
tion  of  Af,  jumps  from  the  position  shown  in  Fig.  3(b)  to  that 
shown  in  Fig.  3(c).  By  minimization  of  £  and  recognizing 
0-0  in  Figs.  3(a)-(c)  and  7r-(0+$  in  Fig.  3(b)  as  0,  the 
measurement  direction  of  interest,  we  can  find 

sin  0=sin  8  cos  81  h  (3) 

with  the  field  expressed  in  reduced  form  as  h=HMs/2Ku . 

Plots  of  <t>  against  A  from  Eq.  (3)  for  0=0°,  30°,  60°,  and 
90°  are  shown  in  Fig.  4.  Points  on  the  plots  (0<9O°),  where 
the  Af,  vector  position  jumps,  are  indicated. 

If  Af  is  continuously  measured  as  the  field  undergoes 
sufficiently  large,  bipolar  (|-Apttg|=fipMk>l)  excursions,  Af 
vs  H  will  follow  one  of  the  many  familiar  loop  shapes,  from 


h 


FIG.  4.  Variation  in  effective  measurement  direct  jog  with  held  applied  at  0°. 
30°,  60*.  and  90°  to  the  easy  axis  of  a  single  domain. 

the  straight  line  (0=90°,  — l=sfisl)  to  the  square  loop  (0 
=0°).  At  the  critical  fields  where  there  are  jumps  from  one 
value  of  <t>  to  another  at  constant  A,  there  will  obviously  be 
corresponding  tumps  in  Af  from  one  value  to  another  at  con- 
stant  H.  Thus,  at  though  there  are  for  0<9O°,  some  “forbid¬ 
den”  values  of  0,  for  each  stable  value  of  0  the  correspond¬ 
ing  value  of  Af  will  be  found  on  the  line  shown  in  Fig.  2(b). 
Similarly,  if  A,  is  isotropic,  for  each  stable  value  of  0,  there 
is  from  Eq.  (1)  only  one  value  of  t  and  thus,  although  there 
may  be  gaps,  all  corresponding  values  of  0  and  e  will  be 
found  on  the  line  shown  in  Fig.  2(a). 

As  illustrated  in  the  vector  diagrams  of  Fig.  5  to  mini¬ 
mize  the  total  free  energy  the  Af,  vector  will  also  be  rotated 
by  stress.  Now  however,  8  is  restricted  such  that  O«0rsir/2, 
and  except  for  0=  0°  and  0=  90°,  0  varies  continuously  with 
<r.  Once  again,  for  each  value  of  <t>  there  are  unique  values  of 
Af  and  t  with  corresponding  pairs  (A/,0)  and  (e,0)  always 
falling  on  the  lines  plotted  in  Figs.  2(b)  and  2(a).  Stress 
simply  alters  the  effective  value  of  £„  and  the  orientation  of 
the  easy  axis.  Thus  in  a  single  domain  with  isotropic  A.,, 
there  is  a  unique  functional  relationship  between  Af  and  e  for 
any  conditions  of  i/i,  H,  and  a.  This  is  found  by  substituting 
cos  0,  obtained  from  Eq.  (2),  into  Eq.  (1) 

e=3A,[(A//Af,)2-l/3]/2.  (4) 

If  X,  is  not  independent  of  the  orientation  of  Af,  relative 
to  K„ ,  i.e.,  if  X,=/(9),  e  and  Af  are  no  longer  constrained  to 
a  unique  relationship.  In  particular,  it  can  be  seen  in  Fig.  4 
for  0=60°  that,  within  small  ranges  near  |A|=0.5,  there  are 
two  stable  values  of  A  (one  on  each  limb  of  the  curve)  cor¬ 
responding  to  one  value  of  0.  Consequently,  in  this  range, 
for  each  value  of  0  (hence  Af )  there  are  two  values  of  8 
[from  Eq.  (3)1  and  therefore,  [depending  on  f(8)\  possibly 
two  values  of  X,  (hence  e).  The  resulting  occurrence  of  hys- 


FIG.  3.  Reorientation  of  A#,  vector  by  fields  of  positive  polarity  (a)  and 
negative  polarity  (b).  Af,  jumps  from  position  shown  in  (b)  to  position 

shown  in  (c)  when  £  for  (4-0  is  smaller  than  for  ir-(4+0.  FIG.  5.  Reorientation  of  Af,  by  tensile  (a)  and  compressive  stress  (b). 
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FIG.  6.  U  mvcrsaj  anhyateretic  <  v»  M  relationship  is  >  single  domain  with 
isotropic  X, .  Anisotropic  X,  can  produce  hysteresis  as  shown. 


teresis  in  e  vs  M  in  a  single  domain  as  a  consequence  of 
anisotropic  X,  is  clearly  shown  by  the  plot  in  Fig.  6  for  a 
hypothetical  /(^=X0(l-2  sin2  9).  The  anhysteretic  plot  of 
Eq.  (4)  with  isotropic  X,  is  also  shown. 

While  no  hysteresis  between  t  and  M  is  possible  for  a 
single  domain  particle  if  X,  is  isotropic,  the  situation  can  be 
different  in  a  multidomain  body.  This  can  be  demonstrated 
by  considering  a  composite  body  comprised  of  just  two  non¬ 
interacting  single  domain  particles  having  unequal  and  suffi¬ 
ciently  large  easy  axis  orientations  (i.e.,  90°>(/(,>^>64“). 
In  this  range  of  if/,  the  critical  switching  angles7 
[0c=tan_,(tan1/3  t/r)]  are  such  that  the  limiting  stable  magne¬ 
tization  on  the  ascending  limb  of  the  M-H  loop  will  exceed 
the  remanent  value,  i.e.,  M  JM  S=cas  (/r<cos[ir-(#c+((i)],  a 
feature  illustrated  in  Fig.  7.  These  conditions  ensure  that  a 
point  exists  on  the  ascending  limb  of  the  composite  body’s 
M-H  loop  where  M,-Mr.  Since  M  of  the  composite  body 
is  the  average,  (Ml+M1)/2,  of  the  two  domains, 
cos  ^,,+cos  <#i,=cos  ^t+cos  fa-  But  this  disallows  (ex¬ 
cept  the  singularity:  <h=<hm  and  &=0i.)  the  equality  of 
(cos2  ^,,+cos2 tfaj  and  (cos2  i/r,  +cos2  4h)-  Thus, 
the  average  strains  ate  unequal  at  the  two  values  of  H  for 
which  the  magnetizations  are  the  same;  therefore,  e  vs  M  for 
a  body  comprised  of  just  two  domains  can  be  hysteretic  even 
if  X,  is  isotropic.  Hysteresis  in  e  vs  M  arising  from  the  more 
extensive  averaging  of  cos  <fr  and  cos2  <j>  over  a  randomly 
oriented  assembly  of  single  domain  particles  with  isotropic 
X,  has  already8  been  demonstrated. 


FIG.  7.  Domains  with  90*>d>64*  orientations  have  loops  with  M,>M, . 
Composite  body  with  only  two  such  domains  will  have  a  hysteretic  e  vs  M. 


FIG.  8.  Typical  M-H  loop.  Differences  in  the  detailed  domain  structure  at 
H,  and  Hd  (although  Ms=Md)  portend  hysteresis  in  e  vs  M. 


The  more  general  nature  of  hysteresis  in  e  vs  M  should 
now  be  recognized.  In  the  classic  M-H  loop  for  a  multido¬ 
main  body  shown  in  Fig.  8,  regions  are  seen  in  which  there 
are  two  values  of  H,  H, ,  and  Hd,  for  which  M,  =  Md±0. 
Since  H  affects  both  the  orientations,  and  via  wall  motion, 
the  volumes  of  domains  having  particular  orientations,  de¬ 
tails  of  the  domain  structures  at  H„  will  differ  from  that  at 
Hd.  While  the  volumetrically  weighted  (£5S  tfr)a 
=  (cos  tf>)d,  corresponding  averages  of  cos2  </>  will  generally 
differ,  resulting  in  dual  values  of  «,  «, ,  and  ed,  and  this 
duality  in  t  will  be  manifested  by  a  hysteretic  relationship 
with  M. 

CONCLUSION 

Correlations  between  f  and  M  derive  entirely  from  the 
dependence  of  each  on  the  orientation  of  the  spin  vector 
relative  to  a  common  measurement  direction.  In  single 
uniaxial  domains  with  isotropic  X, ,  a  simple  analytical  rela¬ 
tionship  arises  from  the  closely  related  trigonometric  func¬ 
tions  involved  in  their  respective  measurements.  With  aniso¬ 
tropic  X,  this  relationship  can  become  hysteretic,  since  e,  but 
not  M,  is  also  dependent  on  the  orientation  of  M,  relative  to 
the  anisotropy  axes.  In  multidomain  bodies  the  independence 
of  e,  but  not  of  M,  to  reversals  of  individual  domain  magne¬ 
tizations  introduces  another  source  of  hysteresis.  Hysteresis 
in  M  vs  e  has  no  physical  source  not  already  manifest  in  M 
vs  H  but  arises  only  as  an  artifact  of  the  peculiarities  of 
averaging  cos  <f>  and  cos2  <t>- 
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A  micro  magnetic  formulation  has  been  developed  for  modeling  the  effect  of  biaxial  stress  on 
magnetoelastic  procr  in  polycrystalline  steels.  In  particular,  the  formulation  employs  the 
Schneider-Cannel1  model  and  involves  substitution  of  an  effective  stress  equal  to  one  of  the 
deviatoric  (i.e.,  dr  d)  normal  stress  components,  depending  on  whether  the  field  is  parallel  to 
a  tensile  or  comply... c  axis  or  to  the  third  axis  perpendicular  to  the  plane  of  biaxial  stress. 
Computer  results  are  compared  to  experimental  results  on  the  effects  of  biaxial  stress  on  magnetic 
properties  in  mild  steel  and  in  SAE-4130  steel.  Good  qualitative  agreement  is  found  in  almost  all 
cases,  in  that  in  going  from  one  biaxial  stress  case  to  the  next,  the  same  kinds  of  changes  are  seen 
magnetically.  It  is  also  shown  from  the  model  and  the  data  that  a  method  can  be  formulated  to 
nondestructiveiy  determine  the  difference  in  biaxial  stresses. 


I.  INTRODUCTION 

To  model  magnetoelasticity  in  steels  under  uniaxial 
stress  conditions,  the  works  of  Schneider  et  at?'2  and  Sablik 
era/.3-4  have  been  employed.  Most  real  physical  situations 
however  involve  biaxial  and  triaxial  stresses  acting  along 
mutually  perpendicular  axes.  The  magnetoelastic  behavior 
under  such  conditions  is  different.3'7  Models  for  the  effect  of 
biaxial  stress  on  magnetic  properties  have  been  published  by 
Schneider  and  Richardson1  and  Kashiwaya.8 

In  this  paper,  additional  data  are  presented  on  magnetic 
properties  under  biaxial  stress  conditions.  The  data  were 
taken  by  R.A.L.  on  mild  steel  and  by  G.LB.  and  H.K.  on 
SAE-4130  steel.  An  improved  micromagnetic  model,  which 
qualitatively  explains  the  magnetic  behavior,  is  additionally 
described.  Finally,  a  nondestructive  method  for  determining 
the  difference  in  biaxial  stresses  is  described. 

II.  THEORETICAL  MODEL 

The  micromagnetic  model  used  by  Schneider  et  al  is 
found  in  Ref.  2.  In  that  model,  the  change  in  magnetization 
AM  at  the  end  of  a  process  in  which  magnetic  field  H  or 
stress  o  varies  is 

A«=S  (  fiXWddH, ,  (1) 

i  ^ 

where  the  sum  i  is  over  domain  wall  types  i.  In  single  crystal 
iron,  there  are  three  domain  wall  types-180°,  +90°,  -90°. 
In  polycrystals,  because  of  the  varying  angle  $t  between 
stress  axis  and  local  magnetization,  a  much  larger  number  of 
domain  wall  types  must  be  considered  in  the  sum,  indexed 
by  angle.  The  weight  factor  /,  is  an  appropriate  weight  factor 
for  each  domain  wall  type.  The  //,)  is  the  magnetic  sus¬ 
ceptibility  dM/dHj  associated  with  change  dHt  in  internal 
field  Hi ,  which  is  computed  bom 

3X,<z  cos  OilBfi-DJd,  (2) 


where  the  middle  term  is  the  stress  contribution  Ha  to  the 
internal  field  and  -D^M  is  the  stress  demagnetization  con¬ 
tribution.  Da  is  a  function  of  stress  which  behaves  as  in  Fig. 
1  of  Ref.  2.  In  Eq.  (2),  X,  is  the  saturation  magnetostriction, 
B,  is  the  saturation  flux  density,  and  D„  is  the  stress  demag¬ 
netization  factor. 

In  Eq.  (1),  the  susceptibility  *(//,)  =  dM/d/f,  satisfies 

X-'(Hi)  =  X ~\H)-Da,  (3) 

which  is  derived  by  differentiating  Eq.  (2)  with  respect  to  M, 
and  the  change  dH,  is 

dH,=dH/[l  +  x(H,)Da]  (4) 

for  processes  in  which  H  varies  while  a  is  held  constant,  or 

<///,=  -<M3(VB5)cos  0j]/[l  +X(Hi)D<r]  (5) 

for  processes  in  which  o  varies  while  H  is  constant. 

Schneider  and  Richardson,1  in  treating  biaxial  stress  ef¬ 
fects,  asserted  that  the  above  model  may  be  still  used,  but 
with  o'  replaced  by  <7eff=o'1— <r2  and  do  by  doeB=dol  -  do2 
in  the  case  where  H  is  parallel  to  the  o,  axis,  and  by  <r2-<r, 
and  do2~dOi ,  respectively,  when  H  is  parallel  to  the  o2 
axis.  This  however,  does  not  prove  to  be  satisfactory.  One 
major  reason  is  that  stresses  combine  tensorially  and  do  not 
superpose  like  vectors. 

In  a  new  approach,  we  invoke  a  three-dimensional  stress 
model9,10  noting  that  the  spherical  part9  of  the  three- 
dimensional  stress  does  not  actually  contribute  to  the  part  of 
the  energy  involving  linear  magnetostriction,  and  thus  the 
effective  components  of  stress  in  the  three  principal  direc¬ 
tions  have  the  form10 


S 1  =  o']  -  O0  =  (  2  O'!  -  <7j  -  <73  )/3 , 

(6a) 

s2= <72- <70= (2<r2- <r3- (7,)/3, 

(6b) 

s3  =  <t3  -  <r0 = (2cr3  -  o,  -  <t2)/3, 

(6c) 

where  o0  is  the  spherical  stress,  given  as 
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<7o=(«rl  +  *2+«*3)/3-  (7) 

This  spherical  stress  is  also  called  the  hydrostatic  stress.10 
The  stress  components  i| ,  s2,  s}  are  known  as  normal  devia- 
toric  stress  components  and  also  normal  distortional  stress 
components.10  They  each  represent  the  effective  stress  lead¬ 
ing  to  distortion  in  each  of  the  principal  directions. 

Since  the  magnetic  effect  is  coupled  to  linear  magneto¬ 
striction,  it  must  be  coupled  to  these  deviatoric  stresses.  If  an 
effective  field  H„  due  to  stress  is  to  develop  along  some  axis 
in  the  material,  it  must  be  because  there  is  a  difference  be¬ 
tween  the  stresses  in  the  principal  directions.  This  is  why  the 
spherical  part  of  the  stress  does  not  contribute  to  the  mag¬ 
netic  effect. 

In  this  paper,  we  consider  the  magnetic  field  acting  only 
along  the  stress  axes  in  order  to  simplify  considerations. 
Also,  we  consider  stress  Oj  to  be  zero,  so  that  only  biaxial 
stresses  act. 

We  also  note  that  when  the  external  field  acts  along  an 
axis  of  compression,  the  magnetic  effect  is  different  than 
when  the  field  acts  along  an  axis  of  tension.  Physically,  com¬ 
pression  tends  to  push  moments  away  from  axes  of  compres¬ 
sion,  and  tension  tends  to  pull  moments  toward  axes  of  ten¬ 
sion. 

Thus,  for  biaxial  stresses,  when  the  field  is  parallel  to  an 
axis  of  compression,  the  effective  stress  contributing  to  the 
magnetic  effect  is  proposed  to  be  a=st,  whereas  when  the 
field  is  parallel  to  an  axis  of  tension,  the  effective  stress  is 
proposed  to  be  <r=-s2.  The  effective  stress  is  therefore 
modeled  as 

5C(<Ti  —  er2)  +  «r,]  for  <r,<0  , 

(8) 

K(«i -<72)-<r2]  for  ^,>0  , 

assuming  that  H  is  parallel  to  the  a,  axis.  Physically,  these 
may  be  viewed  in  terms  of  relative  stresses  07-07  with  re¬ 
spect  to  the  three  principal  axes,  including  that  for  which  the 
applied  stress  is  o3=0.  In  the  case  of  compression,  the  effec¬ 
tive  stress  is  the  sum  of  the  relative  stresses  associated  with 
axis  1.  In  the  case  of  tension,  the  effective  stress  is  the  nega¬ 
tive  of  the  sum  of  the  relative  stresses  associated  with  axis  2. 

Equation  (8)  applies  only  if  o,  and  o2  are  nonzero.  If 
either  o,  or  o2  is  zero,  then  the  effective  stress  is  the  appro¬ 
priate  uniaxial  stress.  An  expression  similar  to  Eq.  (8)  for 
change  do,  due  to  changes  dax  and  da2,  can  also  be  ob¬ 
tained. 

III.  COMPARISON  TO  EXPERIMENTAL  RESULTS 

Experimental  results  in  mild  steel  on  the  effect  of  con¬ 
stant  biaxial  stress  on  hysteresis  loop  parameters  were  pre¬ 
sented  recently  by  Langman.6  However,  discussion  was  re¬ 
stricted  to  equal  biaxial  stresses.  We  here  compare  model 
predictions  to  additional  data  from  Langman  on  a  more  com¬ 
plete  range  of  biaxial  stresses. 

The  experimental  setup  for  this  wider  range  of  data  is  the 
same  as  in  Ref.  6.  It  utilizes  a  surface  method  of  magnetiza¬ 
tion  with  a  C  core  placed  on  the  steel  specimen,  rather  than  a 
more  accurate  permeameter  method.  There  are  as  a  result 
systematic  errors  in  the  hysteresis  loops  caused  by  the  C-core 
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B,  (T)  Bt  (T) 


Oi.  (MPa)  Ctj  (MPa) 


0  40  SO  120  -120  SO  40  0 


Oj  (MPa)  ax  (MPa) 

FIG.  I.  Remaoence  Br  as  a  function  of  stress  <r,  for  (a)  <r2=80  MPa,  (b) 
<r2=~80  MPa,  (c)  <t2=40  MPa,  and  (d)  <r2=  -40  MPa.  Experimental  values 
are  denoted  by  O  and  are  joined  by  solid  lines;  computed  values,  by  □  and 
dashed  lines.  Field  H  is  along  axis  1. 


material,  due  to  the  fact  that  the  flux  sensing  coil  is  wrapped 
around  the  C  core  rather  than  the  sample.  However,  the  er¬ 
rors  are  not  felt  to  be  significant  when  a  qualitative  compari¬ 
son  of  trends  is  involved. 

Figure  1  shows  the  behavior  of  Br  (obtained  from  the 
computed  hysteresis  loop)  as  a  function  of  stress  o,  for  val¬ 
ues  of  o2=+80,  +40,  -40,  and  -80  MPa.  The  experimen¬ 
tal  values  of  Br  for  the  various  cases  are  also  plotted.  Be¬ 
cause  the  trends  qualitatively  match  so  closely  between 
experimental  and  computed  plots,  one  can  have  confidence 
in  the  general  physical  correctness  of  the  model. 

Measurements  were  also  made  on  an  annealed  cruciform 
(cross-shaped)  SAE-4130  steel  specimen.  Details  concerning 
the  apparatus  and  specimen  dimensions  in  the  case  of  the 
SAE-4130  steel  may  be  found  in  Ref.  11. 

Figure  2  shows  experimental  results  (open  circles  joined 
by  solid  lines)  compared  to  theoretical  results  (diamonds 
joined  by  dashed  lines)  for  the  case  of  remanence  B, .  In  this 
case,  the  data  were  normalized  by  the  value  of  B,  when 
at=a2=0.  The  theoretical  points  were  extracted  from  the 
hysteresis  loop  computed  from  Eqs.  (l)-(S)  and  (8),  with  the 
variation  of  D„  with  stress  scaled  by  constant  factor  2.1. 
Trends  seen  in  the  experimental  results  again  are  qualita¬ 
tively  in  agreement  with  the  trends  predicted  by  the  model. 

Figure  3  exhibits  an  interesting  result.  When  the  differ¬ 
ence  in  values  BrIBr  (0,0)  between  when  the  field  is  parallel 
to  the  cr,  axis  and  when  the  field  is  parallel  to  the  a2  axis  are 
plotted  against  the  stress  difference  o,-o2,  a  straight  line 
band  is  found,  both  for  theory  and  experiment.  However, 
bandwidths  and  slopes  differ  slightly,  with  experimental 
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FIG.  2.  Comparison  between  model  and  experiment  of  normali2cd  rema- 
ncnce  values  in  SAE-4130  steel.  H  is  along  the  17;  axis. 

bandwidths  being  laiger  possibly  because  of  lift-off  variation 
of  the  probe. 


quires  an  oversimplified  zoo  effect  when  the  field  is  aligned 
with  the  axis  of  largest  stress.  The  computed  results  from  the 
new  model  were  compared  to  new  experimental  data  on  the 
effect  of  a  range  of  unequal  biaxial  stresses  on  magnetic 
properties.  In  almost  all  cases,  computed  results  behave 
qualitatively  the  same  way  as  the  experimental  results  and 
show  the  same  types  of  magnetization  changes  with  changes 
in  biaxial  stresses. 

That  a  straight-line  correlation  can  be  found  between 
<rt-tr2  and  algebraically  manipulated  values  for  magnetic 
properties  is  quite  useful.  It  means  that  a  nondestructive 
evaluation  magnetic  technique  can  be  constructed  for  obtain¬ 
ing  the  biaxial  stress  difference  cr2-a1  to  within  a  certain 
band  of  error.  In  particular,  the  difference  between  normal¬ 
ized  values  for  remancnce  when  field  is  parallel  to  one  axis 
and  then  the  other  can  be  used  to  determine  <r,-<r2  to  within 
a  certain  error  range  [in  this  case,  IS  ksi  (105  MPa)  based  on 
experiment  and  10  ksi  (70  MPa)  based  on  the  model].  It 
remains  to  be  seen  whether  these  error  ranges  can  be  reduced 
both  experimentally  and  theoretically,  or  whether  other  mag¬ 
netic  properties  might  exhibit  smaller  error  ranges  when  the 
same  procedure  is  used  for  them. 

In  the  future,  it  is  anticipated  that  modifications  will  be 
made  to  the  Sablik-Jiles  model,3'4  which  will  enable  the  Vil- 
lari  effect  to  be  taken  into  account.  At  that  point,  a  synthesis 
of  the  two  models — micromagnetic  and  macromagnetic — 
should  be  possible. 


IV.  CONCLUSIONS 

We  have  presented  a  new  physical  model  for  th-  effects 
of  biaxial  stress  on  magnetic  properties.  The  model  is  a  mi¬ 
cromagnetic  model,  which  improves  upon  the  model  of 
Schneider  and  Richardson1  and  which  takes  into  account  the 
tensorial  relationship  between  stress  and  magnetic  field.  The 
model  also  improves  on  the  Kashiwaya  model,8  which  re- 


FIG.  3.  Differences  between  normalized  remancnce  values  for  ff|  o,  axis 
and  tr2  axis  plotted  against  (7,  -  (7;  Results  for  both  model  and  experi¬ 
ment  are  shown.  Data  points  are:  O,  17,  =0;  A,  (7; =70  MPa;  D,  o2=  140 
MPa;  V,  (72=210  MPa. 
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ModtHng  th»  affects  of  strsss  on  magnetization  In  farromagnatic  matarials 
(abstract) 

DC.  JNoo 

Ames  Laboratory,  Iowa  State  University,  Ames,  Iowa  50011 

In  previous  papers,  it  has  been  shown  how  stress  affects  the  magnetic  properties  of  materials.1-2 
Although  a  model  theory  has  been  developed  for  the  case  of  changing  H  field  under  constant  stress, 
so  far  no  attempts  have  been  made  to  quantitatively  model  the  effects  of  changing  stress  under 
constant  field.  The  main  principle  in  this  case  is  the  approach  of  the  magnetization  to  the 
anhysleietic. 1  The  anhysteretic  is  itself  stress  dependent,  and  therefore  presents  a  moving  target  for 
the  bulk  magnetization.  The  displacement  of  the  bulk  magnetization  in  isotropic  media  is 
determined  by  the  elastic  energy  supplied  AW  =  (  !/£)(Acr)2,  where  £  is  the  elastic  modulus,  and 
Air  the  change  in  stress.  The  displacement  of  the  magnetization  D=M„(H,tr)-Mi,H,o)  decays 
with  W  according  to  dD/dW=  -  (D,  where  £  is  the  decay  coefficient.  Solving  this  equation  gives, 
Men(H,cr)-M(H,<T)=[(M,,{H,<T)~U(H,<rl))]tx^(-£IE)(\o)-],  which  can  be  rewritten  in 
terms  of  the  change  in  magnetization  with  stress  \M(H,<r,a0 )  the  magnetomechanical  effect, 
&M(N,o,(r0)=[M„(H,iT)-M(H,tT)]{  1  -  e*p{(  -£/£)( Air)2])  The  stress  dependent  anhysteretic 
can  then  be  determined  from  the  unstressed  anhysteretic  through  the  addition  of  the  extra 
effective  field  term  Ha:  H„=(3/2)(<rl n0)(d\/dM)  so  that  M a,(H,<r)=M..(H  +  Ha)  Through 
thr  use  of  the  last  three  equations  it  is  possible  to  describe  the  changes  in  magnetization  of  the 
.itt'ial  arising  from  changing  stress. 


1 D.  C.  Jiles  and  D.  Atherton,  J.  Phyj  D  (Appl.  Phys.)  17,  1265  ( 1984), 
2D.  Kaminski.  D.  C.  Jiles.  and  M.  Sablik,  J.  Magn.  Magn.  Miter.  184.  382 
(1992). 
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We  discuss  some  properties  of  the  scalar  moving  Preisach  model  (MPM)  in  relation  to  the 
description  of  magnetic  interactions.  MPM  predictions  for  the  behavior  of  Henkel  plots  are  worked 
oid.  The  role  of  the  factorisation  properties  of  the  Preisach  distribution  and  the  consequences  of  the 
joint  presence  of  mean-field  effects  and  local  random  interactions  are  discussed.  Literature  data  are 
analyzed  in  the  frame  of  this  description,  with  particular  attention  to  thin- film  mwlii  with 
perpendicular  magnetization,  where  mean-field  effects  are  particularly  strong.  Some  of  the 
theoretical  predictions  are  directly  tested  by  hysteresis  and  Henkel  plot  measurements  performed  on 
SiFe  soft  alloys.  A  good  agreement,  in  some  cases  involving  no  adjustable  parameters,  is  found. 
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I.  INTRODUCTION 

In  recent  years,  there  have  been  a  number  of  important 
results  clarifying  the  role  of  the  Preisach  model  (PM)  as  a 
general  mathematical  tool  for  the  description  of  hysteresis 
phenomena.1  In  spite  of  these  achievements,  however,  the 
connection  between  the  PM  mathematical  structure  and  the 
physical  mechanisms  responsible  for  hysteresis  in  ferromag- 
nets  still  raises  several  intriguing  problems.  Much  of  this 
stems  from  the  drastically  simplified  PM  treatment  of  mag¬ 
netic  interactions.  In  PM,  hysteresis  is  described  in  terms  of 
a  collection  of  elementary  rectangular  loops  with  various  up 
and  down  switching  fields  a  and  p.  The  switching  field  dis¬ 
tribution  p(a,f!)  is  a  priori  given,  which  would  seem  to  im¬ 
ply  that  the  elementary  switching  events  are  independent  and 
do  not  interfere.  On  the  other  hand,  in  all  cases  where  it  is 
not  concentrated  along  the  a=-p  line,  p(ajl)  describes  el¬ 
ementary  loops  shifted  bom  their  symmetric  position,  a  fact 
which  is  usually  attributed  to  the  presence  of  interactions 
creating  a  local  field  which  adds  to  the  external  field.  This 
interaction  field  will  inevitably  depend  on  the  state  of  the 
sorrounding  switching  elements  and  will  thus  randomly  fluc¬ 
tuate  as  the  magnetization  process  proceeds.  The  applicabil¬ 
ity  of  PM  as  a  physical  model  rests  then  on  the  existence,  for 
a  given  system,  of  some  class  of  Preisach  distributions 
p(aji)  statistically  stable  against  such  fluctuations.  The  con¬ 
ceptual  difficulties  associated  with  this  requirement  have 
raised  attention  since  a  long  time  ago.2  A  simple  but  impor¬ 
tant  advancement  came  with  the  so-called  moving  Preisach 
model  (MPM),3,4  in  which  it  is  shown  that  the  lack  of  stabil¬ 
ity  of  the  Preisach  distribution  results  in  its  shifting  as  a 
whole  during  the  magnetization  process.  The  distribution  ap¬ 
proximately  becomes  a  function  p(a+ki,/S+Jki),  where  k  is 
a  constant  and  i  is  the  macroscopic  magnetization.  In  terms 
of  interaction  effects,  this  description  is  equivalent  to  assum- 
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ing  that  each  elementary  PM  loop  is  no  longer  subject  to  the 
applied  field  h,  only,  but  to  the  effective  field  h—h,+ki. 

According  to  recent  suggestions,3-'  some  insight  into  the 
physical  nature  of  MPM  could  come  from  a  class  of  models 
suggested  by  the  theory  of  spin  glasses.  In  these  models,  the 
atbermal  behavior  of  a  set  of  AT  bistable  objects  (say  spins) 
s,  =  ±l,  interacting  through  random  coupling  constants  , 
is  considered.  The  evolution  of  the  system  is  controlled  by 
the  local  field  A,  experienced  by  each  s, , 
hj^ZfljjSj  +  h^+h,,  where  hm  is  the  applied  field  and  A'  is 
some  random  local  pinning  field.6,7  The  magnetization  pro¬ 
cess  consists  of  bursts  of  spin-flip  events  taking  place  when 
the  stability  condition  r,=sign(A,)  is  destroyed  for  some  spin 
by  the  time  variation  of  the  applied  field.  This  description 
contains  the  same  basic  ingredients  of  MPM,  but  with  an 
explicit  description  of  interactions,  given  by  7I; .  Its  study 
can  thus  significantly  contribute  to  clarifying  the  physical 
meaning  of  the  Preisach  distribution  p(a,p)  and  its  stability 
properties  against  the  random  shuffling  produced  by  subse¬ 
quent  spin-flip  events.  In  addition,  the  mean-field  effects 
characteristic  of  MPM  have  here  a  direct  counterpart  in  the 
mean  value,  say  J0,  of  the  coupling  constants  Jtj ,  consider¬ 
ing  that 

+h‘+hm,  and  Sjj,  is  just  the  macroscopic  magnetization  of 
the  system. 

This  spin-glass  approach  represents  quite  an  idealized 
attempt  in  the  direction  of  what  would  really  be  a  break¬ 
through  in  Preisach  modeling,  that  is  the  (approximate)  deri¬ 
vation  of  the  Preisach  distribution  from  some  microscopic 
description  of  magnetization  processes.  Perhaps,  the  most 
important  result  in  this  respect  is  still  Neel’s  proof9  that 
domain  wall  (DW)  motion  in  a  random  potential  under  small 
applied  fields  is  equivalent  to  PM  with  a  constant  switching 
field  distribution.  In  order  to  achieve  further  progress,  a  de¬ 
tailed  analysis  of  the  description  of  interactions  built  in 
MPM  seems  mandatory.  In  this  connection,  really  revealing 
results  are  obtained  by  considering  the  so-called  Henkel  plot 
of  remanences. 10,11  In  the  Henkel  plot  construction,  one  mea- 
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suits  the  remanence  i,,  obtained  after  application  and  re¬ 
moval  of  the  field  A  to  the  demagnetized  state,  and  the  re- 
manence  id,  obtained  after  application  and  removal  of  the 
field  -A  to  the  saturation  re  mane  nee  ix,  and  plots  id  vs  i, . 
For  a  set  of  single-domain,  non  interact  mg  particles,  the  lin¬ 
ear  Wohlfarth  relation  it=i^-2i,  holds,12  so  that  deviations 
from  linearity  appear  as  a  natural  indication  of  the  presence 
of  interaction  effects.  Yet,  the  interpretation  of  such  devia¬ 
tions  often  remains  at  a  qualitative  stage  and  sometimes 
merely  reduces  to  the  statement  that  Henkel  plots  lying  be¬ 
low  (above)  the  Wohlfarth  line  describe  demagnetizing-like 
(magnetizing-like)  interactions.  The  aim  of  the  present  paper 
is  to  show  that  a  deeper  insight  is  obtained  when  Henkel 
plots  are  considered  in  the  frame  of  MPM.  MPM  predicts  in 
fact  that,  for  any  arbitrary  Preisach  distribution,  the  Henkel 
plot  will  always  lie  in  the  region  -ir«i<«i,-2ir.  This 
means  that  demagnetizing-like  Henkel  plots  are  generally  ex¬ 
pected  as  a  consequence  of  the  intrinsic  disorder  of  ordinary 
materials.  This  conclusion  has  little  to  do  with  the  existence 
of  demagnetizing  fields,  since  the  Preisach  distribution  de¬ 
scribes  an  equal  amount  of  demagnetizing-like  and 
magnetizing-like  local  interactions.  In  addition,  the  Henkel 
plot  will  follow  the  law  id/i*  =  1  whenever  p(a,fi) 

takes  the  factorized  form p(a,fi)=f(a)f(-fi).  This  result, 
completely  independent  of  /(a),  is  the  direct  universal  con¬ 
sequence  of  the  assumed  pia.fi)  factorization.  Finally,  the 
Henkel  plot  phenomenology  predicted  by  MPM  becomes  ex¬ 
tremely  rich  and  complex  when  mean-field  interactions  are 
present.  In  particular,  oscillating  Henkel  plots  are  a  certain 
indication  of  the  joint  presence  of  random  local  interactions 
and  magnetizing-like  mean-field  effects.  We  will  give  some 
examples  of  the  value  of  MPM  in  the  interpretation  of  Hen¬ 
kel  plot  literature  data  on  superconductors,  permanent  mag¬ 
nets,  magnetic  recording  media. 

In  addition  to  these  comparisons,  we  made  direct  tests  of 
MPM  predictions  on  soft  metallic  materials,  for  which  rela¬ 
tively  few  studies  on  the  characterization  of  magnetic  inter¬ 
actions  have  been  carried  out.  Henkel  plot  measurements  on 
SiFe  are  reported  by  Bissell  era/.13  Evidence  of  mean-field 
magnetizing-like  interactions  in  crystalline  and  amorphous 
soft  alloys  was  found  in  Refs.  11  and  14.  A  particularly  ap¬ 
pealing  property  of  soft  materials  is  that  mean-field  internal 
effects  can  easily  be  compensated  by  adjusting  the  demagne¬ 
tizing  field  associated  with  the  geometry  of  the  magnetic 
circuit.  This  permitted  us  to  generate  a  set  of  hysteresis  con¬ 
ditions  associated  with  a  fixed  Preisach  distribution  and  a 
mean-field  parameter  k  continuously  varying  from  definitely 
positive  values,  when  only  internal  mean-field  interactions 
were  active,  to  large  negative  values,  when  demagnetizing 
effects  were  dominating.  The  variation  of  k  could  be  accu¬ 
rately  monitored  by  MPM  fittings  of  the  Henkel  plots  asso¬ 
ciated  with  each  experimental  condition.  The  obtained  results 
show  that  MPM  is  indeed  able  to  provide  a  physically  sound 
description  of  the  hysteresis  behavior  of  soft  materials  and  of 
the  associated  Henkel  plots,  through  theoretical  expressions 
that  in  some  cases  involve  no  adjustable  parameters. 


K.  PREISACH  MODEL  DESCRIPTION  OF 
MTERACTIONS 


In  this  section,  the  basic  properties  of  PM  for  what  con¬ 
cents  the  description  of  magnetic  interactions  are  discussed. 
We  will  consider  the  scalar  PM  only.  The  extension  of  the 
results  presented  here  to  vector  models  is  outside  the  scope 
of  this  article  and  will  be  discussed  elsewhere. 

The  bask  PM  equation  is 

«<A)=J  "  daj“  Jfipia,fi)^ia.fi:[hii)]).  (I) 


where  small  letters  indicate  dimensionless  quantities,  i.e.. 
measured  in  units  of  the  saturation  magnetization  /„(i),  and 
of  some  characteristk  field  Hc,(h,a,fi),  typically  of  the  or¬ 
der  of  the  static  coercive  field.  <tKa,ft[A(t)])=±l  describes 
the  state  of  each  elementary  PM  loop  resulting  from  the  past 
field  history  [A(r)J.  A  well-known  graphical  representation 
shows  that  the  boundary  between  the  regions,  where  <t>=  1 
and  <t>=  - 1  is  a  staircase  line  with  slopes  either  0  or  -x.1  It 
is  often  useful  to  employ  the  coordinates  hc=\a- fi)fl  and 
h„=ia+fi)/2,  representing  the  half  width  of  each  elementary 
loop  and  its  shift  from  the  symmetric  position.  Ar  plays  the 
role  of  a  local  coercive  field,  and  A„  of  (minus)  a  local  inter¬ 
action  field. 

Of  particular  importance  for  the  physical  interpretation 
of  MPM  are  the  factorization  properties  of  pi  a,/}).  Two  fac¬ 
torizations  consistent  with  the  basic  symmetry  pia.fi) 
=p(-fi,-a)  [or  equivalently,  p(Ar, A,) =/>(Ar,~ A,)]  are 
of  special  interest:  p(Ar,A.)=/(Ar)g(A.)  and  pia.fi) 
=/(<*)/(-/?).  The  former  is  usually  considered  in  the  de¬ 
scription  of  magnetic  partkle  assemblies.  In  particular,  we 
will  often  make  use  of  the  lognormal -Gaussian  distribution 


p{hc,h,)  = 


1 

4irerc<rllAc 


(log  h'f 

_  ht 

2°f  . 

■  (2) 


The  latter,  first  proposed  by  Biorci  and  Pescetti,15  is  the  one 
expected  when  DW  motion  in  a  random  potential  is  the  basic 
magnetization  process."  We  will  show  that  this  factorization 
has  far-reaching  consequences,  which  can  be  directly  tested 
by  suitable  experiments. 

The  finJ  feature  to  be  added  to  this  description  is  the 
presence  of  mean-field  effects,  according  to  the  equation 


h  =  h„+ki(h). 


(3) 


where  A  is  the  effective  field  acting  on  each  PM  elementary 
loop,  A,  is  the  applied  field  and  k  measures  mean-field  ef¬ 
fects.  Interestingly  enough,  Eq.  (3)  does  not  imply  any  modi¬ 
fication  of  the  PM  algorithm.  In  order  to  obtain  i(A„)  vs  h. 
from  a  given  PM  curve  i(A),  we  have  simply  to  represent 
that  curve  under  nonorthogonal  axes,  with  the  new  magneti¬ 
zation  axis  tilted  by  an  angle  6  such  that  tan(0)=*.  The  ex¬ 
istence  of  this  skew  transformation  permits  one  to  extend 
several  general  properties  of  PM  to  MPM  as  well. 

The  calculation  of  Henkel  plots  by  PM  is  not  difficult 
when  *=0.  What  one  has  to  do  is  to  construct  the  <P  bound¬ 
ary  describing  the  state  of  the  system  at  the  remanences  im, 
i, ,  id  and  to  evaluate  the  corresponding  PM  integrals  through 
Eq.  (1).  The  demagnetized  state,  achieved  by  the  application 
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of  an  ac  field  of  amplitude  slowly  decreasing  to  zero,  is 
described  by  the  boundary  A„=0.  The  various  remanences 
can  all  be  expressed  in  terms  of  the  three  integrals 


q(A)=/o  daj  d f}p(a,0). 

(4a) 

<?(A)=J^  daj  jd0p(a,0). 

(4b) 

R(h)=J  daj  dfip{a,0). 

(4c) 

i,(A)  =  q(A),  id(h)  =  Q(h)-q(h)  =  Q{0)- 

■2«(A). 

i*=C?(0)  =  q(°°). 

(5) 

The  detailed  analysis  of  these  relations"16  leads  to  several 
interesting  conclusions. 

(P-i)  For  any  arbitrary  Preisach  distribution, 


In  addition,  it  is  found  that  the  upper  boundary  of  this  region, 
ij=ix-2r,  (i.  e.,  the  Wohlfarth  relation)  is  attained  when 
p(hc,h„)=/(Af)<S(A„),  which  is  just  the  case  of  absence  of 
interactions.  On  the  other  hand,  the  lower  boundary, 
f  a  =  -  i, ,  corresponds  to  a  class  of  distributions  that  includes, 
in  particular,  p(hc  ,A„)  =  8(hc- h0)g(hu),  i.  e.,  a  distribution 
of  interacting  loops  of  fixed  half-width  A0.  Equation  (6) 
shows  that  demagnetizing-like  Henkel  plots  are  inevitably 
expected  whenever  the  Preisach  distribution  has  a  nonzero 
width  along  the  A„  axis.  In  this  sense,  they  are  the  natural 
consequence  of  the  intrinsic  disorder  of  ordinary  materials. 
This  conclusion  applies  in  spite  of  the  fact  that  p(hc  ,A„)  is 
symmetric  with  respect  to  A, ,  that  is  it  describes  an  equal 
amount  of  demagnetizing-like  and  magnetizing-like  local  in¬ 
teractions. 

(P-ii)  If  there  exists  some  field  A0  such  that  p(hc,h„)=0 
for  AC<A0,  then  the  Henkel  plot  will  exhibit  a  downward 
step  of  finite  amplitude  at  ir=0.  On  the  other  hand,  if  there 
exists  some  field  A0  such  that  p(Ac,A„)=0  for  hc>h0  then 
the  Henkel  plot  will  exhibit  a  finite  part  up  to  ir-im  where 
id=-ir.  In  addition,  for  distributions  of  the  form 
/(*c)S(*«).  the  slope  dijdi ,  for  i,->ix  will  change  in  be¬ 
tween  -1  and  -2  depending  on  how  fast  is  the  decay  of 
/(Ac)  with  respect  to  that  of  g(A„). 

(P-iii)  When  p  obeys  the  factorization  p(a,f})= f(a)f 
( -  P),  the  Henkel  plot  takes  the  form 

<Vi*=l-2V*V»»-  (7) 

This  result  is  fully  independent  of  f(a).  It  is  the  direct,  uni¬ 
versal  consequence  of  the  assumed  factorization. 

All  these  results  pertain  to  the  PM  with  k  =0.  The  intro¬ 
duction  of  mean-field  effects,  described  by  Eq.  (3),  leads  to 
quite  a  richer  structure. 

(MP-i)  As  a  consequence  of  the  skew  transformation 
connecting  PM  and  MPM,  the  line  id=  -i,  keeps  on  being  a 
lower  boundary  for  Henkel  plots  under  any  arbitrary  k.  On 

J.  Appt.  Phys.,  Vol.  75,  No.  10. 15  May  1994 


FIG.  t.  MPM  Henkel  plots  calculated  tram  Eqs.  (2)  and  (31.  with  <7,  - 1 , 
vB  =  l,  and  variable  k=- 5,  0,  1,  1.5,  2. 

the  contrary,  the  Henkel  plot  will  generally  invade  the 
magnetizing-like  region  under  sufficiently  positive  k. 

(MP-ii)  When  p(hc  ,h„)= f{he)Hh„)  and  interactions 
derive  from  mean-field  effects  only,  the  Henkel  plot  has  the 
commonly  expected  behavior:  A  positive  k  (magnetizing-like 
interactions)  gives  a  Henkel  plot  all  above  the  Wohlfarth 
line,  and  the  opposite  for  negative  A.  In  the  limit  of  strong 
negative  k,  however,  the  Henkel  plot  may  not  simply  ap¬ 
proach  the  boundary  id=~ir,  but  it  may  acquire  a  more 
complex  behavior,  in  dependence  of  the  shape  of  the  coer¬ 
cive  field  distribution  /(Af).  This  can  be  shown  in  analytic 
terms  when  f(hc)  is  a  box-like  distribution,  different  from 
zero  in  some  field  interval  from  A„  to  A ,  ,16  It  is  found  that,  in 
the  limit  *-»-»,  the  Henkel  plot  will  exhibit  a  downward 
jump  at  the  point  ir/t»  =  2A0/(A0+A,).  An  example  is  given 
below,  in  connection  with  the  discussion  of  Alumite  systems. 
This  peculiar  behavior  is  destroyed  by  the  presence  of  a  suf¬ 
ficiently  wide  A„  distribution  and  offers  then  an  interesting 
opportunity  to  test  the  simultaneous  presence  of  random  in¬ 
teractions  [g(A„)J  and  strong  demagnetizing-like  mean-field 
effects. 

(MP-iii)  The  situation  of  greater  physical  interest  is 
when  both  local  random  interactions  and  mean-field  effects 
are  present.  We  know  from  Eq.  (6)  that  random  interactions 
give  rise  to  a  demagnetizing-like  Henkel  plot,  so  that  it  is 
natural  to  consider  whether  it  might  be  possible  to  compen¬ 
sate  such  effect  by  some  positive  mean-field  contribution  ca¬ 
pable  of  reducing  the  Henkel  plot  to  the  noninteraction  line. 
It  results  that  this  is  in  general  not  possible.  Positive  mean 
fields  have  a  strong  influence  on  the  Henkel  plot  at  low  i, , 
but  quite  a  weak  one  around  t,—f».  As  a  consequence,  the 
joint  presence  of  random  interactions  and  magnetizing-like 
mean-fields  will  result  in  oscillating  Henkel  plots,  crossing 
the  noninteraction  line  (see  Fig.  1). 

(MP-iv)  Equation  (7)  is  strongly  modified  (in  a  way 
similar  to  Fig.  1)  under  positive  k,  but  it  is  weakly  affected 
by  a  negative  k.  This  gives  further  support  to  its  universal 
character. 

HI.  APPLICATIONS 

The  Wohlfarth  relation  is  expected  to  apply  to  assem¬ 
blies  of  noninteracting  single-domain  particles,12  as  well  as 

Basso,  Bue,  and  Bertotb  5679 


to  DWs  in  continuous  media  interacting  with  a  fixed  distri¬ 
bution  of  pinning  sites.17  Henkel  plot  nonlinrarities  should 
thus  reveal  magnetic  interactions  in  a  vast  class  of  magnetic 
systems.  There  have  been  in  fact  numerous  attempts  to  apply 
Henkel  plots  and  related  deha-I  plots  to  superconductors, 
hard  magnets,  magnetic  recording  media,  thin  films  and  mul¬ 
tilayers,  soft  materials.  If  we  look  at  these  results  having  in 
mind  the  conclusions  of  our  previous  analysis,  we  realize 
that  many  of  the  observed  features  can  find  a  natural  inter¬ 
pretation  in  the  frame  of  MPM. 

A  first  interesting  case  is  the  study  of  hysteresis  in 
type-U  and  htgh-fc  superconductors.  A  direct  application  of 
our  results  is  made  possible  by  the  equivalence18  between 
PM  and  the  critical  state  Bean  model18  for  the  description  of 
flux  penetration  in  the  presence  of  fluxoid  pinning  effects. 
Recent  investigations20-21  show  that  the  Henkel  plot  lies 
within  the  region  described  by  Eq.  (6).  The  Preisach  density 
associated  with  the  Bean  model  is  cisily  evaluated18  and  the 
corresponding  Henkel  plot  can  be  analytically  calculated.  In 
this  way,  the  interpretation  by  MPM  of  the  deviations  of 
experimental  Henkel  plots  from  the  Bean  model  prediction 
can  be  exploited  to  extract  information  on  the  fluxoid  density 
profile  inside  the  system.  Studies  on  permanent  magnets22-23 
give  Henkel  plots  all  lying  in  the  magnetizing-like  region. 
This  is  a  certain  indication  of  the  presence  of  magnetizing- 
like  mean-field  effects  of  dominant  intensity  with  respect  to 
local  interactions.  In  fact,  an  accurate  fit  of  Henkel  plots  can 
be  obtained  from  Eqs.  (2)  and  (3),  with  <r„~0  and  positive 
k.16  Wide  interest  is  currently  devoted  to  the  study  of  sys¬ 
tems  far  high-density  magnetic  recording.  BaFe  media  with 
different  amounts  of  doping  exhibit  oscillating  Henkel  plots 
of  rich  and  complex  structure.24  Interestingly  enough,  the 
observed  behavior  is  basically  that  illustrated  by  Fig.  1.  In 
fact,  it  is  shown  in  Ref.  23  that  the  experimental  data  can  be 
naturally  described  through  MPM,  by  making  the  mean-field 
parameter  k  dependent  on  doping,  probably  as  a  consequence 
of  different  correlated  particle  arrangements  in  the  doped 
media. 

Dipolar  interactions  in  thin-film  media  for  perpendicular 
recording  raise  intriguing  problems.  The  description  in  terms 
of  the  macroscopic  demagnetizing  field  associated  with  the 
slab  geometry  of  the  problem  is  usually  oversimplified,  be¬ 
cause  it  completely  disregards  the  random  deviations  of  local 
fields  from  the  mean-field  value,  related  to  the  magnetic  mo¬ 
ment  orientations  in  neighboring  switching  elements.  As  an 
example,  let  us  consider  the  behavior  of  Alumite,26  a  system 
which,  although  not  yet  of  direct  practical  interest,  is  most 
interesting  as  a  model  material  for  perpendicular  magnetiza¬ 
tion  processes.  A  typical  Alumite  system  consists  of  a  thin 
layer  of  porous  aluminum  oxide,  whose  pores  are  filled  in  by 
electrodeposition  with  a  magnetic  material  (Fe  in  the  case 
considered  here).  The  result  is  an  exagonal  array  of  Fe  col¬ 
umns,  switching  from  up  to  down  magnetization  under  the 
external  field  action.  In  addition,  reversible  magnetization 
processes  are  found  to  have  a  minor  role  with  respect  to 
irreversible  switching.  The  situation  thus  very  much  re¬ 
sembles  the  one  assumed  in  MPM.  The  value  of  the  mean- 
field  parameter  k  is  expected  to  be  controlled  by  the  thin-film 
demagnetizing  factor,  i.  e.,  [see  Eq.  (3)J. 


FIG.  2.  Hysteresis  loop  for  Alumite.  Solid  squares:  experimental  data  after 
Ref.  26.  Lines:  MPM  prediction  obtained  from  Eqs.  (2)  and  (31,  with 
Ht=6S  kA/m.  1^=580  kA/m,  <x,  r-02,  and  <rM  =  l,  k--7  (continuous!. 
aa  =0.01,  4  = -8  (broken). 

With  the  parameter  values  reported  in  Fig.  2  (H c  =65  kA/m, 
l J  1^=5 80  IcA/rn)  we  obtain  k—~ 9.  More  detailed  calcula¬ 
tions  of  the  magnetostatic  energy  of  the  columns  array27 
show  that  an  approximate  10%  reduction  of  this  value  is 
expected,  which  gives  4~  — 8.  To  this  estimate,  some  de¬ 
scription  of  random  local  field  deviations  from  the  mean- 
field  value  must  be  added.  The  authors  in  Ref.  26  claim  that 
Henkel  plots  can  provide  but  poor  information  in  this  respect 
when  demagnetizing  fields  are  dominating.  In  the  frame  of 
MPM,  however,  a  certain  number  of  considerations  of  poten¬ 
tial  physical  interest  can  be  worked  out.  A  typical  hysteresis 
loop  measured  on  Alumite  and  the  associated  Henkel  plot  are 
shown  in  Figs.  2  and  3.  According  to  what  was  said  in  (P-ii), 
the  downward  jump  in  id  at  ir= 0  indicates  that  the  distribu¬ 
tion  f(hc)  of  individual  column  coercivities  is  rather  narrow, 
with  no  contribution  for  Ac~0.  This  is  reasonable,  since  one 
does  not  expect  large  differences  in  the  morphology  of  indi¬ 
vidual  columns.  In  terms  of  the  lognormal  distribution  of  Eq. 
(2),  this  is  described  by  values  oc<«  1.  In  our  analysis,  we 
assumed  <rc =0.2.  The  overall  Henkel  plot  shape,  on  the  other 


FIG.  3.  Henkel  pkx  for  Alumite.  Meaning  of  symbols  and  lines  is  the  ssme 
ss  in  Fig.  2.  The  broken  straight  lines  indicate  the  region  described  by  Eq. 

(6). 
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hind,  indicates  the  presence  of  -  substantial  distribution  of 
random  interactions  g(h„).  in  fact  as  discussed  in  (MP-ii),  if 
random  interactions  were  not  present  [i.e., 
p(Ac,*„)~/(A(.)d(h1()],  the  Henkel  plot  would  tend  to  be¬ 
come  discontinuous  under  strong  negative  mean  fields, 
which  is  not  observed  in  measurements.  Figures  2  and  3 
illustrate  this  conclusion.  The  two  theoretical  hysteresis 
loops  were  calculated  under  different  combinations  of  <rk  and 
k  values.  A  reasonable  tit  is  obtained  in  both  cases,  but  the 
Henkel  plot  under  small  tr,  is  in  definite  disagreement  with 
experiments  A  more  detailed  analysis  of  this  type  should  in 
principle  permit  one  to  estimate  a  lower  bound  for  the  ran¬ 
dom  interaction  variance,  to  be  compared  with  the  predic¬ 
tions  of  models  connecting  the  statistical  distribution  of  local 
dipolar  fields  with  the  correlation  properties  of  magnetic  mo¬ 
ment  orientations  in  neighboring  switching  elements. 

IV.  SOFT  MATERIALS 

We  tested  MPM  predictions  for  soft  materials  by  per¬ 
forming  specific  hysteresis  and  Henkel  plot  measurements  on 
single  strips  (length  200  mm,  width  10  mm,  thickness  0.18 
mm)  of  1.8  wt  %  Si-Fe  poly  crystalline  alloys  (grain  size  ~50 
pm).  The  magnetization  i(h)  associated  with  various  field 
histories  was  measured  by  a  computer-driven  low-drift  flux- 
metric  setup.  The  virgin  magnetization  curve,  the  saturation 
and  minor  hysteresis  loops  as  well  as  the  first-order  reversal 
curves  associated  with  i,  and  id  were  measured.  The  degree 
of  flux  closure  at  the  strip  ends  was  varied  by  adjusting  the 
air  gap  between  the  strip  and  a  flux-closing  permalloy  yoke. 
In  this  way,  it  was  possible  to  change  the  apparent  perme¬ 
ability  of  the  system  by  more  than  one  order  of  magnitude,  in 
order  to  make  an  accurate  study  of  mean-field  effects.  The 
demagnetized  state  was  generated  by  applying  an  ac  field  of 
amplitude  slowly  decreasing  to  zero.  Some  test  measure¬ 
ments  of  ir  were  performed,  in  which  the  curve  <',(*„)  was 
first  measured  by  demagnetizing  the  system  before  each  field 
application  and  removal,  and  then  by  demagnetizing  the  sys¬ 
tem  only  once,  before  the  first  field  application.  It  was 
checked  that  the  results  given  by  the  two  methods  were  co¬ 
incident  within  experimental  errors,  after  which  only  the 
much  quicker  latter  method  was  employed.  It  is  worth  re¬ 
marking  that  the  coincidence  of  the  two  measurement  meth¬ 
ods  is  expected  for  any  system  described  by  PM.  It  corre¬ 
sponds  to  the  so-called  wiping  out  property.1  In  the  Henkel 
plot  construction.  The  i^h,)  and  ir(h,)  datasets  were  con¬ 
veniently  interpolated  in  order  to  evaluate  the  remanences  at 
exactly  the  same  field  values. 

In  the  interpretation  of  experiments,  it  was  necessary  to 
include  some  treatment  of  reversible  processes  (coherent 
magnetization  rotations  inside  domains,  reversible  DW  mo¬ 
tion  in  a  single  potential  well)  which  play  an  important  role 
in  soft  materials.  In  Fe-based  alloys,  coherent  rotations  be¬ 
come  important  at  fields  much  higher  than  the  coercive  field. 
This  permitted  us  to  take  due  account  of  rotations  by  prop¬ 
erly  reducing  the  value  of  the  saturation  magnetization  /,  and 
by  assuming  that  /,  was  associated  with  DW  processes  only. 
The  contribution  to  /,  coming  from  reversible  DW  motion 
was  described  in  terms  of  the  permeability 
cxp(  — |W|///rev),  dependent  on  the  field  H  only.  This 
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FIG.  4.  Hysteresis  loop  and  reversal  curves  for  Sit  e  The  air  gap  between 
the  strip  and  the  yoke  was  adjusted  in  order  to  approach  zero-tnean-fkld 
conditions.  Continuous  lines:  experimental  data  Broken  lines:  MPM  predic. 
lion  calculated  from  Eqs.  18)  and  (3).  with  He=S 5  Aim.  /,  =  1.65  T.  1.2, 
and  k=0. 


is  a  strong  approximation  which  disregards  the  dependence 
of  /t",  on  the  actual  state  of  the  system  at  a  given  field.  In 
the  literature  there  are  much  more  refined  and  detailed  treat¬ 
ments  of  this  problem.28  Yet,  this  simple  description  was 
sufficient  for  our  purposes.  We  point  out  that  a  reversible 
contribution  of  this  form  modifies  magnetization  curves  but 
has  no  influence  on  Henkel  plots.  The  parameters  p.,  and  W„v 
were  determined  by  measuring  / u„v(f/)  at  various  points 
along  the  virgin  magnetization  curve.  A  reasonable  fit  of  the 
data  was  obtained  by  setting  p,/po= 800  and  200  A/m, 

which  corresponds  to  a  contribution  A/ICV“0.2  T  to  /,  The 
magnetization  (/,- A/^,)  associated  with  irreversible  DW 
motion  (Barkhausen  jumps)  was  described  by  MPM,  assum¬ 
ing  a  Preisach  distribution  of  the  form 

p(a,0)  =  f(a)f(-/)),  (8) 

As  mentioned  in  the  introduction,  the  factorization  p(a,0) 
=f(a)f(  -  is  expected  when  DW  motion  in  a  random 
potential  is  the  dominant  magnetization  mechanism."  The 
Lorentzian  character  of  f(x)  is  suggested  by  previous 
results29  and  was  confirmed  by  the  present  experiments.  A 
good  fit  of  all  hysteresis  loops  and  reversal  curves  was  in  fact 
obtained  by  choosing  d  =  1 .2.  An  example  is  given  in  Fig.  4. 
Several  sets  of  measurements  under  varying  degree  of  flux 
closure  were  performed.  We  found  that  all  the  data  could  be 
reproduced  by  the  same  Preisach  distribution,  and  that  only 
the  mean-field  parameter  k  had  to  be  adjusted  in  the  range 
from  k  =  -  3.5  (open  strip)  to  k=l  (yoke  in  full  contact  with 
the  strip).  The  Henkel  plots  of  Fig.  S  give  revealing  evidence 
of  the  nature  of  the  interactions  present  in  the  system.  The 
Henkel  plot  for  the  open  strip  is  close  to  the  universal  law 
given  by  Eq.  (7).  We  recall  that  this  law  is  expected  when  the 
Preisach  distribution  takes  the  form  p(a,/3)=f(a)f(-) 3), 
and  that  this  factorization  is  expected  when  stochastic  DW 
motion  is  the  dominant  magnetization  mechanism."  The  de¬ 
viation  from  this  behavior  for  the  closed  circuit  measurement 
is  accurately  reproduced  by  MPM  under  positive  *  and  is 
thus  a  clear  indication  of  the  presence  of  magnetizing-like 
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FIG.  5.  Henkel  plots  for  Sife.  Symbols:  experimental  data  for  open  strip 
(triangles)  and  yoke  in  full  contact  with  the  strip  (squares).  Lines:  MPM 
predi  tion  calculated  from  Eqs.  (8)  and  (3),  with  d  =  \2  and  k  =  -3.5  (dot¬ 
ted),  k~  1  (dashed  dotted).  The  broken  straight  lines  indicate  the  region 
described  by  Eq.  (6). 


mean-field  interactions.  Such  mean-field  effects,  also  ob¬ 
served  in  loss  measurements  on  amorphous  materials,14 
should  be  strictly  related  to  the  mechanisms  controlling  the 
longitudinal  propagation  of  Barkhausen  avalanches. 

These  results  suggest  that  it  should  be  possible  to  com¬ 
pensate  the  internal  magnetizing-like  interactions  by  a  de¬ 
magnetizing  field  of  convenient  intensity.  Figures  4  and  6 
show  what  we  obtained  by  properly  adjusting  the  air  gap 
between  the  strip  and  the  yoke  in  order  to  approach  as  much 
as  possible  zero- ."can-field  conditions.  The  PM  predictions 
were  calculated  as  before  from  Eqs.  (8)  and  (3),  with  if =1.2 
and  k-0.  We  stress  that  the  remarkable  agreement  of  experi¬ 
mental  Henkel  plot  data  with  Eq.  (7)  does  not  involve  any 
adjustable  parameter.  It  is  the  direct  consequence  of  the  Prei- 
sach  distribution  factorization  properties  and  of  the  fact  that 


FIG.  6.  Henkel  plot  for  SiFe  under  the  same  conditions  of  Fig.  4.  The 
contra  nous  line  represents  Eq.  (7).  No  adjustable  parameter  is  involved  in 
the  comparison 


magnetizing-like  internal  interactions  and  macroscopic  de¬ 
magnetizing  fields,  having  the  same  physical  nature,  can  be 
balanced  out  to  zero. 

V.  CONCLUSIONS 

The  analysis  presented  in  this  paper  shows  that  MPM 
can  be  a  useful  tool  in  the  characterization  and  interpretation 
of  interaction  effects  and  Henkel  plots  in  magnetic  systems. 
This  mainly  comes  from  the  ability  of  MPM  to  deal  in  a 
unified  way  with  local  pinning,  local  random  interactions  and 
mean-field  effects.  The  joint  presence  of  these  contributions 
gives  rise  to  a  rich  and  complex  phenomenology  (e.g.,  oscil¬ 
lating  Henkel  plots)  which  is  in  remarkable  agreement  with 
experimental  findings.  We  tested  some  of  these  predictions 
by  hysteresis  measurements  on  soft  materials,  for  which 
there  are  relatively  few  Henkel  plot  studies  in  the  literature. 
Our  measurements  are  accurately  reproduced  by  MPM,  in 
some  cases  with  no  adjustable  parameters.  These  results 
greatly  suppot’  the  value  of  MPM  as  a  physical  model  for  the 
description  of  ferromagnetic  hysteresis  and  call  for  addi¬ 
tional  studies  aiming  at  deriving  the  basic  properties  of  the 
Preisach  distribution  (factorization,  Lorentzian  or  Gaussian 
or  lognormal  shape,  etc.)  from  microscopic  models  of  mag¬ 
netization  processes. 
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Applicability  of  the  Pieisach  hysteresis  model  to  superconductive  hysteresis  is  tested  on  two  types 
of  materials  using  a  vibrating  sample  magnetometer.  The  experiments  are  set  up  to  check  if  the 
hysteresis  displayed  by  the  two  samples  satisfies  the  necessary  and  sufficient  conditions  for  the 
applicability  of  the  Preisach  model.  These  conditions  are  wiping  out  of  some  field  history  by  certain 
subsequent  field  extrema  and  congruency  of  minor  hysteresis  loops  corresponding  to  the  same  field 
cycles,  but  having  different  histories.  Observation  of  the  measured  minor  hysteresis  loops  indicates 
that  the  two  conditions  are  satisfied  for  the  two  samples  tested.  For  this  reason,  it  can  be  concluded 
that  the  Preisach  model  is  a  very  accurate  representation  of  superconductive  hysteresis,  at  least  for 
some  superconducting  materials. 


It  is  well  known  that  changes  of  the  magnetic  flux  dis¬ 
tribution  in  type-II  superconducting  samples  can  be  hindered 
by  defects  and  inhomogeneities  in  the  material.  This  phe¬ 
nomenon  is  referred  to  as  flux  pinning.  On  the  one  hand,  flux 
pinning  leads  to  higher  critical  currents  in  type-II  supercon¬ 
ductors.  On  the  other  hand,  it  is  also  responsible  for  hyster¬ 
esis  between  the  applied  magnetic  field  and  the  persistent 
currents  in  the  sample  (or,  equivalently,  sample  magnetiza¬ 
tion).  Models  of  superconducting  hysteresis  are  needed  to 
predict  the  persistent  currents  for  arbitrary  variations  of  the 
applied  field.  A  phenomenological  model1  was  proposed  by 
Bean.  Bean’s  model  is  based  on  an  idealized  step-like  con¬ 
stitutive  law  between  the  persistent  current  density  and  the 
electric  field.  As  a  result,  magnitude  of  the  persistent  current 
density  within  the  material  is  taken  to  be  constant  and  equal 
to  a  critical  current  density  Jc ,  which  can  be  viewed  as  a 
model  parameter.  In  some  generalizations  of  the  Bean 
model2  the  critical  current  density  parameter  is  a  function  of 
the  flux  density,  JC(B). 

An  important  limitation  of  the  critical  state  models  is  the 
following.  Distribution  of  persistent  currents  have  been 
found  analytically  for  those  samples  which  are  shaped  like 
plane  slabs  and  circular  cylinders.  Computing  persistent  cur¬ 
rents  in  samples  of  arbitrary  shapes  requires  numerical 
implementation  of  the  critical  state  models  which  is  compli¬ 
cated  by  the  need  to  resolve  rapid  variations  of  the  persistent 
current  density.  This  problem  is  compounded  by  the  fact  that 
locations  of  such  rapid  variations  within  the  sample  depend 
on  history  and  are  not  known  a  priori.  In  addition,  questions 
regarding  the  applicability  of  the  critical  state  models  to  su¬ 
perconductors  remain  largely  unanswered. 

In  a  recent  work,3  Ma.ergoyz  has  shown  that  the  critical 
state  models  are  very  particular  cases  of  a  more  general  phe¬ 
nomenological  hysteresis  model  known  as  the  Preisach 
model.  These  cases  correspond  to  a  particular  choice  of  pa¬ 
rameters  of  the  Preisach  model  (Preisach  function).  This  ar¬ 
ticle  will  focus  on  the  applicability  of  the  Pr,  sach  model  to 
superconductive  hysteresis.  The  experiments  were  performed 
on  two  different  superconducting  materials  using  a  vibrating 
sample  magnetometer  and  results  indicate  that  the  Preisach 


model  gives  a  very  accurate  description  of  superconductive 
hysteresis.  Before  the  discussion  of  the  experiments  and  their 
results,  a  brief  review  of  the  Preisach  model  will  be  pre¬ 
sented. 

From  a  control  theory  point  of  view,  the  original  Prei¬ 
sach  model5  can  be  regarded  as  a  mathematical  operator  re¬ 
lating  a  scalar  input,  u(r),  to  an  output,  /(/).  This  operator, 
in  turn,  is  assembled  from  many  elementary  operators  which 
are  bistable  relays  with  different  switching  thresholds.  The 
output  of  each  relay,  denoted  by  yapu(t),  can  take  on  the 
value  of  either  1  or  - 1.  The  relay  remains  in  one  of  the  two 
possible  output  states  until  the  input  forces  it  to  switch  to  the 
other  state  by  increasing  above  an  upper  threshold  a  or  de¬ 
creasing  below  a  lower  threshold  f!.  Thus,  a  pair  of  thresh¬ 
olds  (a,P)  such  that  a»fi  uniquely  defines  the  behavior  of 
each  relay. 

The  output  of  the  Preisach  model  is  obtained  by  weight¬ 
ing  the  output  of  each  relay  and  summing  the  results  over  ail 
possible  threshold  pairs.  Mathematically,  this  statement  can 
be  expressed  as  follows: 

/(>)=  J  J  fi(a,0)yo/)u(t)da  d/3,  (1) 

al*0 

where  pt(a,ff)  is  the  weight  function  called  the  Preisach  func¬ 
tion.  This  function  constitutes  a  set  of  parameters  for  the 
model  and  has  to  be  identified  by  matching  the  model  output 
to  experimental  data  for  specific  variations  of  the  input. 

The  technique  suggested  for  the  parametei  identification4 
is  based  on  obtaining  a  set  of  first-order  transition  curves 
experimentally.  A  first-order  transition  curve  is  obtained 
when,  after  saturation  is  reached,  the  input  (magnetic  field)  is 
increased  to  some  value  x  and  then  reversed  back  to  reach 
material  saturation.  Let  fxy  denote  the  value  of  the  output 
(magnetization)  when  the  input  value  is  y  and  a  reversal  at 
value  x  has  taken  place.  The  following  function  is  easily 
computed  from  a  set  of  first-order  transition  curves: 

F(x,y)  =  ^fxt-fxy).  (2) 

Input  variation  used  to  obtain  the  first-order  transition  curves 
can  also  be  applied  to  the  Preisach  model.  Matching  the  out- 
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put  of  the  model  to  the  output  of  the  experiment,  it  can  be 
shown  that4 


p(x,y)=- 


F(x,y ) 
dxdy 


(3) 


Thus,  it  is  possible  to  find  such  model  parameters  that 
the  output  of  the  model  matches  experimental  observations 
for  a  specific  type  of  input  variation.  The  question  arises: 
Does  there  exist  a  set  of  model  parameters  (Preisach  func¬ 
tion)  such  that  the  model  output  matches  experimental  obser¬ 
vations  for  arbitrary  input  variations?  If  the  answer  is  affir¬ 
mative,  the  model  is  fully  applicable  to  a  given  hysteresis 
nonlinearity.  Otherwise,  the  applicability  of  the  Preisach 
model  is  limited  to  some  specific  input  variations  such  as 
those  producing  first-order  transition  curves. 

Mayergoyz’s  representation  theorem4  helps  to  determine 
the  extent  of  applicability  of  the  Preisach  model.  The  theo¬ 
rem  states  that  an  arbitrary  hysteresis  nonlinearity  can  be 
represented  by  the  Preisach  model  if  and  only  if  this  nonlin¬ 
earity  satisfies  two  conditions:  wiping  out  of  some  field  his¬ 
tory  by  certain  subsequent  field  extrema  and  congruency  of 


H  (Oe) 


FIG.  3.  Minor  hysteresis  loops  corresponding  to  the  same  field  cycles  and 
different  histories  for  the  BaKBi03  sample. 


all  minor  hysteresis  loops  formed  by  cycling  of  the  field 
between  the  same  extrema.  These  two  conditions  will  be 
discussed  next. 

For  a  hysteresis  nonlinearity,  field  history  consists  of 
past  field  extrema.  Wiping  out  occurs  if  a  field  maximum  and 
following  it  minima  are  erased  from  history  when  a  greater 
maximum  is  encountered.  Similarly,  wiping  out  occurs  if  a 
field  minimum  and  following  it  maxima  are  erased  when  a 
smaller  minimum  is  encountered.  An  important  consequence 
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FIG.  4.  Minor  hysteresis  loops  corresponding  to  the  same  field  cycles  sod 
different  histones  for  the  Nb  sample. 


of  the  wiping-out  condition  is  closure  of  minor  hysteresis 
loops  at  the  end  of  the  first  cycle  in  field  variation.  The 
existence  of  a  major  hysteresis  loop  in  many  materials  indi¬ 
cates  that  wiping  out  does  occur  to  some  extent.  However, 
for  minor  hysteresis  loops,  reptations6  (nonclosure)  are  often 
observed  in  many  magnetic  materials. 

If  the  wiping-out  condition  occurs,  minor  hysteresis 
loops  are  formed.  Different  loops  will  result  from  different 
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field  histories  even  if  the  cycles  of  the  field  which  form  the 
loop  are  the  same  (have  the  same  extrema).  The  second  con¬ 
dition  is  satisfied  if  all  loops  which  can  be  formed  by  the 
same  field  cycles  are  congruent.  It  is  worth  noting  that  in 
many  magnetic  materials,  congruency  has  not  been 
observed.6 

Experiments  were  carried  out  to  test  the  extent  of  appli¬ 
cability  of  the  Preisach  model  to  superconductive  hysteresis. 
Two  superconducting  samples  were  used.  One  is  a  high- 
temperature  superconductor  Ba^s^Ko^BiOj .  The  other  is 
niobium  (Nb).  BaKBiO;  material  was  prepared  in  the  form 
of  sintered  powder.  Individual  crystallites  of  the  material 
ranged  in  size  between  few  microns  and  one  hundred  mi¬ 
crons  when  viewed  under  a  microscope.  The  Hcl  field  for 
this  material  was  much  larger  than  IS  IcOe,  which  is  the 
highest  magnetic  fields  attainable  with  the  magnet  of  our 
vibrating  sample  magnetometer.  It  was,  however,  possible  to 
come  close  to  the  major  hysteresis  loop  for  this  material.  The 
increasing  and  decreasing  branches  of  hysteresis  loops  ob¬ 
tained  by  cycling  the  field  between  extrema  greater  than  8 
kOe  coincided,  except  for  a  portion  where  transitions  be¬ 
tween  the  loop  branches  occurred.  For  this  reason,  it  can  be 
concluded  that  branches  of  the  major  loop  are  close  to  those 
shown  in  Fig.  1.  Nb  sample  was  prepared  from  a  Nb  powder 
and  held  together  by  an  epoxy.  The  major  loop  for  this 
sample  is  shown  in  Fig.  2.  The  samples  of  each  material 
were  made  in  the  shape  of  a  disc  of  about  1  mm  thick  and  S 
mm  in  diameter.  Ail  the  experiments  were  conducted  at  4.2 
K  to  avoid  flux  creep. 

The  wiping-out  property  of  the  superconductive  hyster¬ 
esis  was  checked  by  observing  closure  of  minor  hysteresis 
loops  at  the  end  of  the  first  cycle  of  the  magnetic  field.  To 
observe  the  congruency  property,  minor  hysteresis  loops 
were  formed  by  cycling  the  magnetic  field.  Before  cycling,  a 
large  negative  value  of  the  magnetic  field  was  applied  in 
order  to  reach  the  major  hysteresis  loop.  After  the  major  loop 
was  reached,  the  magnetic  field  was  increased  to  some  value 
and  reversed.  After  the  reversal,  magnetic  field  was  cycled 
between  two  extrema.  The  resulting  hysteresis  loops  corre¬ 
sponding  to  the  same  field  cycles  and  to  different  field  rever¬ 
sals  prior  to  cycling  are  shown  in  Fig.  3  for  the  BaKBiO} 
sample.  Minor  hysteresis  loops  for  different  field  histories 
prior  to  field  cycling  for  the  Nb  sample  are  shown  in  Fig.  4. 
The  number  of  hysteresis  loops  presented  here  is  limited  by 
constraints  on  the  length  of  this  article.  However,  many  hys¬ 
teresis  loops  were  observed  and  show  similar  behavior. 
These  observations  indicate  that  the  Preisach  model  is  a  very 
accurate  representation  of  the  hysteresis  phenomenon  in 
these  superconductors. 


1 C  P.  Bean,  Phys.  Rev.  Lett  8,  250  (1962). 

2y  B.  Kim,  C.  F.  Hempstead,  and  A  R.  Slrnad,  Phys.  Rev.  Lett.  »,  306 
(1962). 

3L  D.  Mayergoyz,  Mathematical  Models  of  Hysteresis  (Springer,  New 
York,  1991). 

4 1.  D.  Mayergoyz,  Phys.  Rev.  Lett.  56,  1518  (1986). 

5F.  Preisach,  Z.  Phys.  *4,  277  (1935). 

4C  Sailing  and  S.  Schultz,  I.  Appi.  Phys.  61,  4010  (1987). 


Friedman,  Uu,  and  Kouvai  5885 


■  i  - 
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I.  0.  Mayergoyz 

Electrical  Engineering  Department  and  Institute  for  Advanced  Computer  Studies,  University  of  Maryland, 
College  Part,  Maryland  20742 

Depending  on  the  physical  nature  of  hysteresis,  rotational  hysteretic  losses  in  isotropic  materials 
may  decrease  to  zero  or  even  continuously  increase  with  the  increase  in  the  magnitude  of  uniformly 
rotating  magnetic  fields.  It  is  shown  in  the  paper  that  recently  developed  2D  Preisach  models  of 
vector  hysteresis  accommodate  this  broad  spectrum  of  behavior  of  rotational  hysteretic  losses. 


It  is  well  known  that  in  the  case  of  isotropic  hysteresis  a 
uniformly  rotating  magnetic  field  results  in  uniformly  rotat¬ 
ing  magnetization.  This  magnetization  lags  behind  the  mag¬ 
netic  field  due  to  hysteretic  losses.  Depending  on  the  physi¬ 
cal  nature  of  hysteresis,  these  losses  may  decrease  to  zero  or 
even  continuously  increase  as  the  magnitude  of  the  uni¬ 
formly  rotating  magnetic  field  is  increased.  It  is  the  generally 
held  opinion  that  the  former  case  is  realized  for  magnetic 
hysteresis,1-3  while  there  is  some  credible  evidence  that  the 
latter  case  is  true  for  superconducting  hysteresis.4  Successful 
Preisach  models  of  vector  hysteresis  should  be  able  to  ac¬ 
commodate  this  broad  spectrum  of  behavior  of  rotational 
hysteretic  losses.  The  purpose  of  this  work  is  to  demonstrate 
that  this  is  true  for  2D  isotropic  vector  Preisach  models  re¬ 
cently  proposed  in  Refs.  S  and  6. 

These  models  can  be  mathematically  formulated  as  fol¬ 
lows: 

«<) 

=|  /2%(  JJ  v(a,P)yaf,\u(t)\g(0(t)-tp)da  dfi^dtp, 

(1) 

where  f(r)  is  the  model  output  (magnetization)  at  time  t,  8(1) 
is  the  polar  angle  which  defines  the  orientation  of  the  input 
(magnetic  field)  n(t)  at  time  t,  e,  is  a  unit  vector  along  the 
direction  specified  by  a  polar  angle  tp,  and  ya$  are  elemen¬ 
tary  hysteresis  operators  represented  by  rectangular  loops 
with  a  and  fS  being  “up”  and  “down”  switching  values, 
respectively,  while  T  is  the  triangle  {-afo«£sSar«m)}  which 
contains  the  support  of  v(a,0).  Further  details  concerning  the 
notations  used  here  can  be  found  in  Ref.  7. 

In  the  above  models,  functions  v(a,0)  and  g(tp)  are  not 
specified  in  advance  but  rather  should  be  determined  by  fit¬ 
ting  these  models  to  some  experimental  data.  This  is  an  iden¬ 
tification  problem.  This  problem  together  with  experimental 
testing  of  these  models  was  first  discussed  in  Ref.  5  for  a 
particular  case  of  g(<p)=cosw"  tp,  (n>l).  Then,  the  identifi¬ 
cation  problem  was  studied  in  Ref.  6  for  a  general  case  of 
g(tp)  subject  to  the  natural  constraints 

g'(<p)ssO,  g(0)=l,  g(n72)  =  0, 

g(ir)=-l,  g(tr—  tp)=  —g(tp).  (2) 


It  will  be  shown  below  that  with  appropriate  choice  of 
function  g(tp)  [within  the  constraints  (2)]  the  model  (1)  is 
able  to  replicate  various  asymptotic  behavior  of  rotational 
hysteretic  losses. 

Consider  a  uniformly  rotating  input  (that  is  one  of  con¬ 
stant  magnitude  and  angular  velocity) 

n(r)={ui(r)  =  um  cos  tat,  uy(t)  =  um  sin  <ur}.  (3) 

Then,  by  literally  repeating  the  same  line  of  reasoning  as  in 
Ref.  7  (pp.  161-165),  it  can  be  shown  that  the  output  of 
model  (1)  can  be  represented  as 

«r)=fb+f,(r),  (4) 

where  f),  is  a  history-dependent  constant  component  of  f(r), 

f0= const,  (5) 

while  f,(l)  is  a  uniformly  rotating  vector: 

r,(0 

=  cos(<i>r-<5),  fi,(t)=fm  sin(tur-5)}. 

(6) 

By  using  Eqs.  (3)-(6)  it  can  be  easily  shown  that  the  follow¬ 
ing  expression  is  valid  for  rotational  hysteretic  losses  per  one 
cycle: 

I  =  ^u  df=2 trumfm  sin  8.  (7) 

Now,  by  using  exactly  the  same  way  of  reasoning  as  in  Ref. 
7  (pp.  161-166),  the  following  formula  can  be  derived: 

fl=/„  sin  8 

=  2P(um,-um)-l\'  sin  eP(um,Umg(e))de,  (8) 


where  the  function  P(a,ft)  is  defined  by  (see  Fig.  1) 
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FIG.  1.  Geometric  illustration  of  P{aJ!). 


P{a,0)=j  I  v(a',p-)da‘ d0'.  (9) 

T(a.fi) 

The  subsequent  analysis  of  rotational  hysteretic  losses  is 
based  on  a  special  transformation  of  expression  (8).  This 
transformation  proceeds  as  follows: 

CM 

frn  sin  8=  sin  0[P(un,-um)-2P(um,umg( 8))]d8 
Jo 

+  f  sin  0[P(um,-um)-'2P(um,umg(e))]d». 
Jr/2 

(10) 

Next,  the  following  change  of  variables  is  used  in  the  second 
integral  in  Eq.  (10): 

e'  =  it~6.  (11) 

From  Eqs.  (11)  and  (2),  we  find 

d0=-d6',  sin  0=sin  8',  g(0)=~g(8').  (12) 

By  sing  Eq.  (12),  the  last  integral  in  Eq.  (10)  can  be  trans¬ 
formed  as  follows: 

[  sin  0[P(u„,-um)-2P(um,u„g(8))]d8 
Jv/2 

CM 

=  1  sin  8'[P(u„,-um)-2P(u„,-umg(8'))]d8'. 

Jo 

(13) 

By  substituting  Eq.  (13)  into  Eq.  (10)  and  by  changing  ft  to 
ft  we  obtain 

fm  sin  S 

f  vl2 

=  2  sin  0[P(um-um)-P(umtUmg(6)) 

Jo 

~P(um,-umg{8))]de.  (14) 

We  shall  next  introduce  the  function 

F(um ,  8)  =  P(um-  uM) -  P(um  ,umg(  8)) 

-P(um,-umg(8)).  (15) 

By  using  definition  (9),  the  fact  that 

m,umg(8))=P(-umg(8),-uJ  and  Fig.  2,  it  is  easy  to 


FIG.  2.  Geometric  iilusrratktfi  of  F(um,0). 


conclude  that  function  F(um,6)  is  equal  to  the  integral  of 
v(a,f})  over  the  shaded  rectangle 


F(um,0)=f*  j  t>(a,/3)da  dfi 

(16) 

By  using  Eq.  (15)  in  Eq.  (14),  we  find. 

CM 

/„  sin  8=21  F(um,8)s\n  8  d8. 

Jo 

(17) 

It  is  clear  from  Eq.  (16)  and  Fig.  2  that 

F(um,0)=O, 

(18) 

if 

umg(0)z*ao. 

(19) 

This  means  that  for  sufficiently  large  magnitude  u 
sion  (17)  can  be  transformed  as  follows: 

rn  expres- 

CM 

fm  sin  ft=2|  F{um  ,0)sin  8  dO, 

Jo 0 

(20) 

where 

80=8 

and  0=g~l(x)  is  file  function  inverse  to  x=g{8). 
According  to  (2),  we  have 

limg-1(^)=g-'(0)  =  |. 

u^foo  \  uml  & 

(21) 

In  connection  with  Eq.  (20),  this  implies  that 

lim  fm  sin  <5=0. 

m_T« 

(22) 

Expression  (22)  does  not  necessarily  mean  that  rota¬ 
tional  hysteretic  losses  tend  to  zero.  The  asymptotic  behavior 
of  these  losses  depends  on  how  fast  /„  sin  8  approaches 
zero.  This,  in  turn,  depends  on  asymptotic  behavior  of 
g~l(x)  for  small  x.  We  shall  characterize  this  behavior  by 
expression 

■tr/2-g~t(x)=cx>k. 

(23) 

From  Eqs.  (23),  (20),  and  (7),  we  then  derive 

L=ctulm-\  (24) 
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From  Eq.  (24)  we  conclude  that  the  rotational  hysteretk 
losses  approach  zero  if  A>1;  these  losses  approach  some 
constant  nonzero  value  if  A=1  and  they  continuously  in¬ 
crease  if  X<1. 

We  shall  illustrate  the  above  conclusion  with  two  ex¬ 
amples. 

Example  1 

jt=«(d)  =  C08,/*  6,  (»>1).  (25) 

This  choice  of  function  g  was  used  in  Ref.  5,  where  the 
corresponding  vector  Preisach  model  has  been  successfully 
experimentally  tested.  For  small  x,  from  Eq.  (25)  we  obtain 

g l(x ) »  cos" 1  x" =*  ir/2  -  jr*.  (26) 

By  comparing  Eqs.  (26)  and  (23),  we  find  that  \=n>l  and 
the  rotational  hysteresis  losses  approach  zero  as  um  is  in¬ 
creased. 

Example  2 

*=g(t»  =  cos  e.  (27) 


This  choice  of  g  leads  to  the  vector  Preisach  models 
which  were  extensively  studied  in  Ref.  7.  For  small  x,  from 
Eq.  (27)  we  have 

rr/2-g-‘(x)=z.  (28) 

This  means  that  A=  1  and  the  rotational  hysteresis  losses  ap¬ 
proach  some  nonzero  value  as  u_  is  increased. 

In  conclusion,  it  is  hoped  that  this  paper  will  clarify  the 
ongoing  discussion  concerning  the  ability  of  vector  Preisach- 
type  models  to  adequately  describe  the  rotational  hysteretic 
losses. 
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The  interpretation  of  interaction  through  Henkel  plots  and  Am  plots  has  become  popular  in  recent 
years;  however,  the  demagnetized  state  is  often  not  specified.  In  this  paper,  the  demagnetized  state 
dependence  of  Henkel  plots  is  calculated  using  the  classical  Preisach  model,  the  moving  model,  and 
the  complete-moving-hysteresis  model,  in  the  calculation  of  the  virgin  remanence  curve,  ac,  dc+, 
and  dc-  demagnetized  states  were  used.  The  resulting  collection  of  Henkel  plots  contains  examples 
of  “up"  and  “down”  deviations  from  the  Wohlfarth  line  by  changing  the  demagnetized  state  only. 


I.  INTRODUCTION 

A  technique  that  has  been  gaining  popularity  in  recent 
years  is  to  use  the  virgin  remanent  magnetization  curve, 
mr(H),  and  the  remanent  major  hysteresis  curve,  mD(H),  to 
characterize  interaction  in  recording  media.  The  virgin  rem¬ 
anent  magnetization  curve  starts  at  a  demagnetized  state,  and 
traces  the  remanence  as  a  function  of  an  increasing  applied 
field,  H.  The  major  remanent  curve  starts  at  positive  satura¬ 
tion,  and  measures  the  remanence  as  a  function  of  a  decreas¬ 
ing  negative  field,  -H.  Unless  otherwise  stated,  all  magne¬ 
tization  values  are  normalized  to  the  saturation  remanence. 
The  Wohlfarth  relation1  states  that,  for  noninteracting  par¬ 
ticles,  the  remanence  major  loop,  m0(H)  is  twice  the  virgin 
remanent  magnetization  curve,  m,(H),  shifted  down  by  the 
saturation  remanence,  that  is, 

mD(H)=\-2m,(H).  (1) 

Plots  of  mD  vs  «t,  have  come  to  be  known  as  Henkel  plots.2 
The  difference  between  the  curves  can  be  measured  by 

Chm  =  l-2mr(H)-mD(H).  (2) 

Plots  of  Am  vs  H  or  Am  vs  mD  have  come  to  be  known  as 
Am  plots.3  Deviations  of  the  measured  Henkel  plots  from  the 
straight  line  representing  Eq.  (1)  have  been  interpreted  as 
indications  of  “positive”  and  “negative”  interactions  de¬ 
pending  on  whether  the  measured  variation  is  “above”  or 
“below”  the  line  representing  the  Wohlfarth  relation.  In  Ref. 
4  it  is  shown  that  Henkel  plots  and  Am  plots  measure  a 
combination  of  effects,  not  simply  the  effect  of  interaction. 

Although  mr(H)  depends  on  the  method  of  demagneti¬ 
zation,  in  much  of  the  literature  the  nature  of  the  demagne¬ 
tization  is  often  not  specified,  including  Wohlfarth 's  paper.1 
In  fact,  using  the  classical  Preisach  model  with  no  interac¬ 
tion,  one  can  easily  show4,5  that  the  Wohlfarth  relation  holds 
if  the  virgin  state  is  the  ac  demagnetized  state,  but  does  not 
hold  in  case  of  dc  demagnetized  states.  An  experimental 
analysis  of  AM  curves  corresponding  to  different  demagne¬ 
tized  states  has  been  presented.6 

This  paper  discusses  the  demagnetized-state  dependence 
of  Henkel  plots  using  the  classical  Preisach  model,  the  mov¬ 
ing  Preisach  model,7  and  the  complete-moving-hysteresis 
(CMH)  model.8  A  companion  paper9  discusses  the 
demagnetized-state  dependence  of  Henkel  plots  using  a  do¬ 
main  wall  motion  model.  Three  demagnetized  states  have 


been  used  in  our  calculations.  The  ac  demagnetized  state  is 
obtained  by  applying  an  oscillating  field  with  a  slowly  de¬ 
caying  amplitude  whose  initial  amplitude  is  sufficient  to 
saturate.  The  dc-  demagnetized  state  is  obtained  by  first 
applying  a  positive  saturating  field  followed  by  a  negative 
field  that  brings  the  remanence  to  zero  and  then  removing 
this  field.  The  dc+  demagnetized  state  is  obtained  by  first 
applying  a  negative  saturating  field  followed  by  a  positive 
field  that  brings  the  remanence  to  zero  and  then  removing 
this  field. 


II.  THE  CLASSICAL  PREISACH  MODEL 


In  the  following  analysis,  it  is  assumed  that  the  Preisach 
function  is  Gaussian  in  both  the  critical  field  distribution  and 
the  interaction  field  distribution,  that  is. 


P,c(hi,hc)  = 


1 

2srtTctri 


exp- 


(*j>2 

2? 


.  <*c-Ac()2 

+^r 


where  ac  and  a,  are  the  standard  deviation  in  the  critical  field 
and  the  interaction  field,  respectively,  and  hc,  is  the  remanent 
coercivity.  It  has  been  shown  that  this  form  of  the  Preisach 
function  is  in  agreement  with  experimental  results  for  a  va¬ 
riety  of  recording  media.10 

The  computed  Henkel  plots  for  dc+,  dc-,  and  ac  de¬ 
magnetization  are  shown  in  Fig.  1.  Since  the  dc+  demagne¬ 
tization  curve  is  identically  zero  if  h<hci  and  is  identical  to 
the  major  remanence  curve  if  h»hci ,  the  Henkel  plot  corre¬ 
sponding  to  this  initial  state  consists  of  two  straight  lines 
whose  coordinates  are  (0,1)  (0,0)  and  (0,0)  (1,-1),  respec¬ 
tively.  The  Henkel  plot  corresponding  to  the  ac  demagne¬ 
tized  state  is  shown  by  the  solid  line.  It  is  noted  that,  since 
the  Preisach  function  for  recording  media  given  by  Eq.  (3)  is 
not  generally  factorizabie  in  the  coordinate  system  of  the 
“up”  and  “down”  switching  fields,  this  curve  does  not  fol¬ 
low  the  general  square  root  law5  for  ac  demagnetized  Henkel 
plots.  It  can  be  shown  that  the  virgin  curve  corresponding  to 
the  ac  demagnetized  state  will  always  lie  above  that  of  the 
dc+  demagnetized  state  and  below  that  of  the  dc-  demag¬ 
netized  state;11  therefore,  as  seen  in  Fig.  1,  the  Henkel  plot  of 
the  dc-  demagnetized  state  lies  above  that  of  the  ac  demag¬ 
netized  state  for  any  choice  of  model  parameters.  In  the  lim¬ 
iting  case  of  <rc=0,  the  three  demagnetized  states,  and  there¬ 
fore  the  three  Henkel  plots  become  identical. 
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FIG.  1.  Henkel  plots  computed  by  tbe  classical  Preisadi  model,  A{1=8, 
trc“20%,  <ri~35%ofhei. 

HI.  THE  MOVING  MODEL 

The  physical  applicability  of  the  moving  model7  to  ac¬ 
curately  characterize  recording  media  and  a  robust  identifi¬ 
cation  of  the  moving  parameter,  a,  have  been  discussed  in 
Refit.  12  and  10,  respectively.  The  Henkel  plots  computed  by 
the  moving  model  arc  shown  by  the  dashed  curves  in  Fig.  2 
using  a=3.2  in  normalized  units.  It  is  noted  that  the  Preisadi 
parameters  in  this  simulation  are  identical  to  that  of  Fig.  1. 
The  ac  demagnetized  Henkel  plot  deviates  down  from  the 
Wohlfarth  line,  but  the  variation  is  significantly  different 
from  the  corresponding  classical  model  variation.  The  dc+ 
demagnetized  Henkel  plot  deviates  “up”  from  the  Wohlfarth 
line  showing  that  it  is  possible  to  deviate  up  or  down  from 
the  Wohlfarth  line  using  the  same  model  parameters  and 
varying  the  demagnetized  state  only. 

Using  an  analogous  method  to  the  classical  case,  it  can 
be  shown  that  the  virgin  curve  of  the  moving  model  corre¬ 
sponding  to  the  ac  demagnetized  state  will  always  lie  above 
that  of  the  dc+  demagnetized  state  and  below  that  of  the 
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dc-  demagnetized  state;  therefore  as  seen  in  Fig.  2,  the  Hen¬ 
kel  plot  of  the  dc- demagnetized  state  lies  above  that  of  the 
ac  demagnetized  state,  for  any  choice  of  model  parameters. 
Furthermore,  it  has  also  been  shown4  that  the  moving  model 
computes  ac  demagnetized  Am  plots  that  deviate  down  from 
tbe  Wohlfarth  line  if  a  is  small  and  deviate  up  if  a  is  large. 
Figure  2  illustrates  the  case  where  the  moving  parameter  is 
such  that  the  ac  demagnetized  Henkel  plot  is  below  the 
Wohlfarth  line  and  the  dc-  demagnetized  Henkel  plot  is 
above  the  Wohlfarth  line. 

IV.  THE  CG)I*PLETE -MOVING-HYSTERESIS  MODEL 

The  CMH  model  is  a  seven-parameter  model  that  accu¬ 
rately  computes  both  the  reveisible  and  the  irreversible  mag¬ 
netization  components  and  the  relationship  between  these 
components.  The  block  diagram  of  the  model  is  shown  in 
Fig.  3,  and  Fig.  4  shows  how  the  elementary  particle  hyster¬ 
esis  loops  are  mathematically  decomposed  into  the  sum  of  an 
irreversible  and  a  locally  reversible  component.13  An  identi¬ 
fication  algorithm  for  the  model  has  been  developed  and  ex¬ 
perimentally  tested  for  various  recording  materials.14  The 
Henkel  plots  of  the  CMH  model  corresponding  to  the  various 


FIG.  4.  Decomposition  of  the  CMH  model  particle  hysteresis  loop  into  the 
sum  of  an  irreversible  (a)  and  a  state-dependent  locally  reversible  compo¬ 
nent  (b). 
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demagnetized  stales  we  shown  by  the  solid  curves  in  Fi«.2. 
The  same  model  parameters  were  used  as  for  the  moving 
model  and  the  squareness  was  chosen  to  be  0.7.  The  ac  de¬ 
magnetized  Henkel  plot  deviates  down  from  the  Wohlfarth 
line  to  a  greater  extent  than  the  corresponding  moving  model 
variation.  The  dc-  demagnetized  variation  deviates  up  from 
the  Wbhlfarth  line  to  a  smaller  extent  than  the  corresponding 
moving  model  variation.  These  results  also  show  that,  al¬ 
though  Am  plots  and  Henkel  plots  use  retnanence  curves,  the 
computed  curves  are  effected  by  the  state-dependent  revers¬ 
ible  magnetization  that  is  coupled  to  the  irreversible  compo¬ 
nent  through  the  feedback  parameter,  a. 

V.  CONCLUSIONS 

A  Preisach  model  based  analysis  of  the  Wohlfarth  rela¬ 
tion  shows  that  the  computed  Henkel  plots  are  dependent  on 
the  demagnetized  state.  It  was  shown  that  the  Wohlfarth  re¬ 
lation  for  noninteracting  particles  holds  only  if  the  demagne¬ 
tized  stale  is  ac  demagnetization.  The  effect  of  demagnetized 
states  was  investigated  using  the  classical  Preisach  model, 
the  moving  model,  and  the  CMH  model.  Using  the  robust 


identification  technique  of  the  CMH  model  an  experimental 
analysis  of  the  demagnetized-state  dependence  of  Henkel 
plots  and  Am  plots  needs  to  be  performed  to  validate  these 
calculations. 


‘E  P.  Wohlfarth,  J.  Appl  Phyv  2*.  595 

J0  Henkel.  Phys  Stans  Sotkti  7,  919  (19M). 

JP.  E  Kelly  a  ai,  IEEE  Tinas.  Mage.  MAG-25, 3881  (1989);  K.  OGrady, 
i lad.  MAG-2*.  1870  (1990);  P.  R.  Biaael  and  A  Lybcrant.  J  Mage 
Mage.  Mam.  95,  27  (1991);  G.  BoBoni  a  <2.  i bid.  1*4-187, 975  (1992). 

4F.  Vajda  and  E  Delta  Tone,  theae  ptocoedngs 

SG.  Benotd  and  V.  Baaao.  J.  Appl.  Phys.  73,  5827  (1993). 

*P  R  Buell,  R  W.  Otaatrell,  G.  Tonka,  I.  E  Knowles,  and  M.  P  Shat 
rock,  IEEE  Trans.  Magn  MAC-23,  3050  (1989);  M.  Fearoo,  R  W 
ClantreE  and  E  P.  WoUfarth,  I.  Magn.  Magn.  Mam.  at.  197  (1990). 

1 E.  Delta  Torre,  IEEE  Trane.  Audio  EtactronoonsL  14,  86  (1965). 

‘F.  Vajda  and  E  Delta  Tom,  i.  Magn.  Magn-  Mater  115,  187  (1992) 

4  R  D.  McMicfaael,  F.  Vayda,  and  E  Delta  Tom.  theae  procecdiags. 

”F.  Vayda  aad  E  Delta  Tom,  IEEE  Trana.  Magn.  MAG-29,  3658  (1993). 

"F  Vajda  and  E.  Delta  Tom.  IEEE  Trans.  Mags.  MAC-2*.  2611  (1992). 

12  F.  Vajda  and  E.  Delta  Tom,  IEEE  Trans.  Magn.  MAG-27.  4757  (1991). 

“F.  Vayda  and  E.  Della  Torre.  IEEE  Tram.  Magn.  MAG-2*.  2611  (1992). 

14 F  Vayda.  E.  Delta  Tom,  and  M.  Pardavi-Horvath.  1.  Magn.  Magn.  Mater. 
12*.  289  (1993). 


D*magn«tiz«d-state  dependence  of  Henkel  plots.  II.  Domain  wall  motion 

R.  0.  McMfctoei 

National  Institute  of  Standards  and  Technology,  Gaithersburg,  Maryland  20999 

Ferenc  Vajda  and  Edward  Doha  Torre 

Institute  for  Magnetics  Research,  George  Washington  University,  Washington,  D.C.  20052 

The  interpretation  of  various  magnetization  curves  through  Henkel  plots  and  Am  plots  has  become 
popular  in  recent  years  for  characterization  of  interactions  in  hysteresis.  To  investigate  this 
approach,  we  have  calculated  Henkel  plots  using  a  hysteresis  model  based  on  independently  moving 
domain  walls.  A  variety  of  demagnetized  states  produced  by  ac,  dc+,  and  dc-  demagnetization 
methods  as  well  as  microscopically  and  randomly  demagnetized  states  are  used  to  calculate  m,(/f). 

The  insulting  collection  of  Henkel  plots  contains  examples  of  both  “positive’’  and  “negative’’ 
deviations  from  the  Wohlfarth  relation  which  depend  on  the  demagnetization  method.  Also,  the 
Henkel  plot  calculated  for  the  ac  demagnetized  state  deviates  from  the  square-root  law  previously 
calculated  for  domain  wall  pinning  using  a  classical  Preisach  model. 


1.  INTRODUCTION 

A  technique  that  has  been  gaining  popularity  in  recent 
years  is  to  use  the  irreversible  remanent  magnetization  curve, 
mr(H )  and  the  remanent  demagnetization  curve  mf(H)  to 
characterize  magnetic  media.  The  m,(H)  curve  is  obtained 
by  starting  from  a  demagnetized  state,  increasing  the  held  to 
a  value  H ,  and  measuring  or  calculating  the  magnetization  at 
zero  field.  The  mr(H )  curve  depends  on  the  method  by 
which  the  demagnetized  state  is  produced, u  but  often  the 
nature  of  the  demagnetized  state  has  not  been  specified  in  the 
literature.  The  mJ(H)  curve  is  generated  in  a  similar  manner 
except  that  the  sample  is  intially  saturated  in  a  positive  field 
and  the  remanent  magnetization  is  measured  or  calculated 
after  applying  a  field  -H.  Both  the  m,(H )  and  mf(H) 
curves  are  normalized  to  the  saturation  remanence.  For  non¬ 
interacting  particles,  such  as  in  a  Stoner-Wohlfarth  (SW) 
model,  the  Wohlfarth  relation3  states  that 

md(H)=l-2mr(H),  (1) 

and  plots  of  md  vs  m,  have  come  to  be  known  as  Henkel 
plots.4 

Deviations  of  Henkel  plots  from  the  straight  line  de¬ 
scribed  by  Eq.  (1)  have  been  interpreted  as  indications  of 
interactions  between  particles  or  magnetic  regions.3'8  If 
md>l~2mr,  the  interaction  is  said  to  be  positive  (magne¬ 
tizations  in  interacting  regions  tend  to  align  parallel),  and  if 
md<  1  -  2m, ,  the  interaction  is  said  to  be  negative  (magne¬ 
tizations  tend  to  align  antiparallel). 

For  cases  where  magnetization  proceeds  by  domain  wall 
motion  and  where  the  coercivity  (perhaps  dominated  by  do¬ 
main  wall  nucleation)  is  greater  than  the  field  required  to 
sweep  a  domain  wall  through  a  grain,  the  Wohlfarth  relation 
is  expected  to  hold.9  However,  Bertotti  and  Basso  have  re¬ 
cently  calculated  Henkel  plots  representing  domain  wall  mo¬ 
tion  using  the  classical  Preisach  model.10  To  represent  hys¬ 
teresis  due  to  domain  wall  motion,  it  was  assumed  that  up- 
switching  fields  a  of  magnetization  elements  are  independent 
of  down-switching  fields  p,  and  therefore  the  Preisach  distri¬ 
bution  function,  p(a,P)  can  be  factorized  as  p(a,P) 
-f{a)  •/(  -  fi).  Starting  from  the  ac  demagnetized  state,  the 
Henkel  plot  was  shown  to  follow  a  square-root  law 


md=  1  (2) 

for  any  factorizable  Preisach  function.10 

The  hysteresis  model  used  in  this  paper  is  based  on  a 
domain  wall  potential  model  first  introduced  by  Neel"  to 
describe  hysteresis  loops  in  the  Raleigh  region.  In  this 
model,  domain  wall  elements  move  through  a  fluctuating 
pinning  field  Ac(x)  which  is  proportional  to  the  gradient  of 
the  domain  wall  energy  and  is  assumed  to  be  described  by  a 
Langevin  equation,12 


dhc  hc  dW 

dx  {  +  dx  ’ 


(3) 


where  f  is  a  material  correlation  length  and  W  is  a  Gaussian 
random  function  such  that  the  expectation  values  (dW)=0 
and  ((dW)z)  =  2Adx,  where  A  is  a  parameter  describing  the 
amplitude  of  W.  In  addition  to  the  pinning  field,  the  domain 
wall  element  is  subjected  to  an  applied  field,  H.  For 
H>hd(x),  the  position  of  the  domain  wall  x  will  increase, 
and  for  H<hc(x),  x  will  decrease.  The  motion  of  each  do¬ 
main  wall  element  continues  until  it  reaches  a  stable  equilib¬ 
rium  at  point  such  that  H=hc(x),  and  dhcldx> 0  as  illus¬ 
trated  in  Fig.  1. 


x 


FTC.  1.  Example  of  he(x).  The  trajectory  of  the  domain  watt  element  is 
shown  by  the  dotted  lines. 
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The  magnetization  M  is  taken  to  be  the  ensemble  aver¬ 
age  value  of  the  domain  wall  positions,  and  is  limited  to 
saturation  values  of  ±1  by  limiting  the  domain  wall  paths  to 
—  1  <ac  <  1 .  This  simple  model  of  domain  wall  motion  results 
in  a  hysteretic  model  of  magnetization,  complete  with  minor 
loops  and  a  combination  of  reversible  and  irreversible  mag¬ 
netization  processes.13 

In  this  paper,  we  investigate  the  validity  of  using  Henkel 
plots  for  the  characterization  of  interactions  in  cases  where 
domain  wall  pinning  and  motion  are  the  dominant  magneti¬ 
zation  mechanisms.  Henkel  plots  art  calculated  using  the 
domain  wall  model  of  hysteresis  for  a  variety  of  demagneti¬ 
zation  methods  and  a  variety  of  correlation  length  values  f. 
In  a  companion  paper,  similar  results  are  described  for  Hen¬ 
kel  plots  calculated  using  the  classical  Preisach  model,  the 
moving  Preisach  model  and  the  complete-moving-hysteresis 
model.14 


FIG.  2.  Remanent  mtgnetization  curves,  m,(H)  for  micntGcopic,  random, 
dc-,  and  ac  demaanedzatiao  states  with  at///)  for  (>0.2. 


II.  COMPUTATIONAL  PROCEDURE 

Magnetization  values  were  calculated  for  2x  |04  nonin¬ 
teracting  domain  wall  elements  propagating  between 
-  lsjrssl,  with  pinning  fields  hc(x)  generated  for  each  do¬ 
main  wall  element  by  finite  differences  using  Eq.  (3)  for 
1000  values  of  x.  To  simplify  the  comparison  between  loops 
calculated  with  different  values  of  £  the  parameter  A  in  the 
random  function  W  is  chosen  to  be  A  =  1/f  so  that  {(hc)2)=l. 

A  number  of  distinct  demagnetization  methods  were 
used  for  the  calculations  of  mr(H)  and  the  resulting  Henkel 
plots.  The  “microscopically  demagnetized”  state  was  pre¬ 
pared  by  starting  each  domain  wall  at  x=0  and  then  allowing 
each  domain  wall  to  propagate  to  a  stable  position,  and  the 
“randomly  demagnetized”  state  was  prepared  by  placing  the 
domain  walls  at  uniformly  distributed  random  initial  posi¬ 
tions  between  - 1  and  1  and  then  allowing  the  domain  walls 
to  propagate  to  nearby  stable  positions. 

The  ac  demagnetized  state  was  obtained  by  applying  an 
oscillating  field  with  a  slowly  decaying  amplitude  with  an 
initial  amplitude  sufficient  to  saturate  M. 

The  dc-  demagnetized  state  was  obtained  by  first  satu¬ 
rating  the  magnetization  in  the  positive  direction,  applying  a 
remanent  coercive  field  in  the  negative  direction  and  then 
returning  the  field  to  H= 0,  yielding  M  =0.  The  dc+  demag¬ 
netized  state  was  obtained  by  applying  a  negative  saturation 
field  followed  by  a  positive  remanent  coercive  field,  and  then 
reducing  the  field  to  H =0,  yielding  M  =0. 

Plots  of  mr(H)  from  microscopic,  ranJom,  ac  and  dc- 
demagnetization  states  and  mj(H)  are  shown  in  Fig.  2  for 
f=0.2. 

M.  HENKEL  PLOTS 

Henkel  plots  were  calculated  using  the  domain  wall 
model  for  values  of  ( ranging  from  0.02  to  2.0,  and  a  portion 
of  the  results  are  shown  in  Fig.  3.  In  all  examined  cases,  the 
curves  generated  using  the  microscopic,  random,  and  6c- 
demagnetized  states  were  found  to  be  grouped  together,  and 
the  curve  generated  using  the  ac  demagnetized  state  followed 
a  curve  distinctly  below  the  others.  Also,  in  all  cases,  the 
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Henkel  plot  obtained  from  the  dc+  demagnetized  state  (not 
shown)  is  made  up  of  two  straight  line  segments  from  (0,1) 
to  (0,0)  and  from  (0,0)  to  (1,-1). 

For  short  correlation  lengths,  the  microscopic,  random, 
and  dc-  demagnetized  Henkel  plots  follow  trajectories  with 
-  2m,(H),  and  initial  slopes  of  —  - 1 .  The  ac  de¬ 
magnetized  Henkel  plot  follows  a  trajectory  with 
and  an  initial  slope  of  —-5. 

For  the  longest  correlation  length  calculated,  £=2,  the 
microscopic,  random,  and  dc-  demagnetized  states  pro¬ 
duced  Henkel  plots  which  follow  trajectories  slightly  below 
1  -2mr(H),  and  the  ac  demagnetized  state  pro¬ 
duced  a  Henkel  plot  which  has  a  very  large  negative  initial 
slope  and  a  final  slope  of  ~-l  in  close  agreement  with  the 
square-root  law  described  by  Eq.  (2)  but  falling  slightly  be¬ 
low  it. 


FIG.  3.  Henkel  plots,  m/Ji)  vs  mr(H),  for  noninteracting  domain  walls 
starting  from  four  demagnetized  states  for  (a)  £=0.02  and  (b)  £=2.0.  The 
dotted  lines  are  plots  of  Eq.  (1)  and  Eq.  (2). 
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IV.  MSCUSSION  OF  RESULTS 


From  the  ac  demagnetized  state,  the  slow  rise  of  the 
mr(H)  curve  and  the  associated  strong  “negative”  deviation 
from  the  Wohlfanh  condition  are  both  consistent  with  the 
physical  interpretation  that  ac  demagnetization  places  do¬ 
main  walls  in  the  energy  wells  with  the  steepest  sides.  In  the 
ac  demagnetized  state,  the  initial  stable  points  of  the  domain 
walls  are  not  arbitrary,  but  are  selected  by  the  demagnetiza¬ 
tion  process.  Starting  with  a  large  amplitude  applied  ac  field, 
at  first  the  domain  wall  elements  will  propagate  back  and 
forth  between  x  =  - 1  and  x  =  1  in  each  cycle,  but  as  the  field 
amplitude  decreases,  the  highest  maxima  and  the  lowest 
minima  in  hc(x)  will  begin  to  impede  the  domain  wall  mo¬ 
tion,  and  then  as  the  field  amplitude  is  further  reduced,  the 
domain  wall  motion  will  become  caught  between  succes¬ 
sively  less  extreme  maxima  and  minima.  In  terms  of  the 
domain  wall  enetgy,  rather  than  the  enetgy  gradient  [which  is 
proportional  to  Ac(x)]  the  ac  method  preferentially  places  the 
domain  wall  elements  in  the  local  energy  wells  with  the 
steepest  sides.  It  is  interesting  that,  although  no  such  physical 
interpretation  is  made  for  ac  demagnetization  in  the  Preisach 
model,  the  square-root  law  derived  from  the  factorizable 
Preisach  model10  also  describes  a  strong  “negative"  devia¬ 
tion  from  the  Preisach  model. 

For  correlation  lengths  which  are  short  in  comparison 
with  the  total  domain  wall  path  length,  the  domain  wall 
model  produces  Henkel  plots  which  differ  significantly  from 
both  the  Wohlfarth  relation  and  the  square-root  law.  None  of 
the  Henkel  plots  follow  the  straight  line  given  by  Eq.  (1),  and 
in  particular,  the  Henkel  plot  for  the  ac  demagnetized  state 
does  not  follow  the  square-root  law  given  by  Eq.  (2). 

The  disagreement  with  the  square-root  law  when  £  is 
small  could  be  due  to  the  existence  of  multiple  stable  points 
distributed  between  x=-l  and  x  =  l  which  a  domain  wall 
must  pass  in  sequence,  in  contrast  to  the  classical  Preisach 
model  in  which  there  are  only  two  stable  points  at  - 1  and  1 


for  each  magnetization  element.  When  £  is  large,  Me(x)  is 
correlated  along  its  entire  length,  and  the  assumption  used  in 
the  derivation  of  the  square-root  law,  that  up-switching  fields 
and  down-switching  fields  are  independent,  may  break  down. 

From  the  variety  of  Henkel  plots  that  were  obtained 
from  the  domain  wall  model  it  is  dear  that  the  magnetization 
curves  due  to  domain  wall  motion  depend  sensitively  on  the 
demagnetization  method,  and  in  particular  that  the  demagne¬ 
tization  method  should  be  specified  if  any  conclusions  can  be 
drawn  from  a  Henkel  plot.  From  a  practical  point  of  view, 
when  experimental  Henkel  plots  deviate  from  the  Wohlfarth 
relation  (1)  one  may  not  safely  draw  conclusions  about  in¬ 
teractions  since  when  domain  wall  motion  is  involved  in 
magnetic  hysteresis,  both  positive  and  negative  deviations 
from  mj(H)=  1-2 mr(H)  can  be  generated  by  domain  wall 
elements  without  interactions. 
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Model  calculations  of  rotational  hysteresis  for  ferromagnetic  particles 
with  competing  anisotropies 

Y.  YoeWda,*1  T.  L  Templeton,  and  A.  S.  Arrow 

Physics  Department,  Simon  Fraser  University,  Burnaby,  British  Columbia  VSA  IS6,  Canada 

The  net  work  Wr(360°)  on  rotating  a  particle  through  360°  about  an  axis  perpendicular  to  an  applied 
held  is  called  the  rotational  hysteresis.  Its  dependence  on  field  is  calculated  for  model  particles  with 
large  surface  anisotropies  that  compete  with  the  bulk  anisotropies.  Both  anisotropies  are  uniaxial 
and  twofold  but  acting  along  different  axes.  If  the  axes  ate  separated  by  any  angle  except  0°  or  90°, 
Wr(360°)  is  quite  different  for  clockwise  and  counterclockwise  rotations,  for  the  range  of  fields 
where  it  is  not  zero.  Because  the  magnetization  is  non  uniform,  the  results  depend  upon  the  exchange 
interaction  and  the  particle  size.  The  results  are  given  for  a  range  of  particle  sizes  from  small  to  large 
compared  to  a  domain  wall  width.  The  results  for  particles  with  uniform  anisotropy  and 
magnetization  are  given  for  comparison. 


The  starting  point  for  discussion  of  the  magnetism  of 
small  particles  is  the  Stoner-Wolhfarth  (SW)  model.  The 
behaviors  of  single  domain  particles  with  uniaxial  anisotropy 
are  best  known  for  the  cases  where  a  variable  magnetic  field 
is  applied  along  a  given  axis  to  produce  a  hysteresis  loop 
with  rcmanence,  coercivity  and  irreversible  rotations  of  the 
magnetization  vector.  The  behavior  when  the  particle  is  ro¬ 
uted  with  respect  to  a  fixed  field  has  been  known  for  a  long 
time,  also,  but  not  so  widely.  In  low  fields  the  magnetization 
is  trapped  by  the  anisotropy  and  rotates  with  the  particle.  In 
high  fields  the  magnetization  follows  the  applied  field.  In 
both  limits  the  process  is  reversible.  No  net  work  is  done  in 
routing  the  particle  through  180°  about  an  axis  perpendicu¬ 
lar  to  the  plane  formed  by  the  field  and  the  anisotropy  axis. 
For  intermediate  fields  the  magnetization  jumps  irreversibly 
from  suying  near  the  anisotropy  axis  to  following  the  field 
axis  as  the  particle  is  routed.  This  is  routional  hysteresis. 
The  purpose  of  this  communication  is  to  discuss  routional 
hysteresis  for  small  particles  where  competing  anisotropies 
in  different  regions  of  the  particle  result  in  nonuniform  mag¬ 
netization  patterns. 

Routional  hysteresis  for  SW  particles  where  the  anisot¬ 
ropy  is  more  complicated  than  uniaxial  are  not  well  known, 
partially  because  there  are  so  many  different  possibilities. 
Some  of  these  were  considered  in  our  recent  review.1  A  re¬ 
stricted  class  of  anisotropies  is  that  with  two  axes  at  angles 
0a  and  % .  A  further  restriction  on  that  class  is  that  the  field 
and  the  magnetization  are  confined  to  the  plane  formed  by 
the  two  axes.  The  confinement  of  the  magnetization  to  the 
plane  implies  the  presence  of  a  strong  negative  anisotropy 
perpendicular  to  the  plane,  as  occurs  for  thin  films.  If  the 
anisotropy  energies  EK  for  both  axes  are  twofold;  that  is, 
EK= -Kacos2{0—$a)  and  EK-  - Kb  cos2(0—0i),  the  be¬ 
havior  is  the  same  as  for  a  uniaxial  twofold  anisotropy  along 
another  axis.  There  are  quite  different  routional  hysteresis 
effects  to  be  seen  if  at  least  one  axis  is  fourfold;  for  example, 
EK=Kt>casl($-9b)sm1(Q-0b).  In  particular,  the  hysteresis 
for  roution  about  an  axis  perpendicular  to  the  plane  contain¬ 
ing  the  field  and  the  anisotropy  axes  depends  on  whether  the 
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rotation  is  clockwise  (CW)  or  counterclockwise  (CCW).  This 
requires  that  (1)  the  angle  between  the  two  axes  is  neither  0° 
nor  90°,  (2)  the  anisotropies  are  distinguishable  from  each 
other,  and  (3)  at  least  one  is  more  complicated  san  twofold 
anisotropy. 

Here  we  treat  uniaxial  anisotropies  along  two  axes,  both 
of  which  are  twofold,  but  now  they  act  on  different  parts  of 
the  same  panicle.  The  competing  torques  produce  nonuni¬ 
form  magnetization  patterns.  This  increases  the  exchange  en¬ 
ergy.  We  have  studied,  previously,  the  ordinary  hysteresis  of 
one  such  system.  The  angle  between  the  bulk  and  surface 
anisotropy  axes  was  65°.  The  surface  anisotropy  was  much 
larger  than  the  bulk  anisotropy.  Small  and  large  particles  for 
this  system  resembled  SW  particles  with  twofold  axes.2  For 
intermediate  sizes  resemblance  to  a  SW  particle  required  a 
particular  combination  of  one  twofold  and  one  fourfold  axis.1 
As  such  a  SW  particle  shows  difference  in  hysteresis  for  CW 
and  CCW  rotations,  one  would  anticipate  correctly  this  effect 
for  our  noncollinear  model. 

Routional  hysteresis  in  noncollinear  spin  systems  is 
demonstrated  for  the  same  conditions  for  which  earlier  we 
calculated  the  ordinary  hysteresis.2  We  emphasize  that  we 
are  not  calculating  the  properties  of  real  particles.  These  are 
model  calculations  in  which  the  problem  is  reduced  to  a 
one-dimensional  chain  of  atoms  or  of  atomic  planes.  There  is 
an  implied  strong  negative  anisotropy  perpendicular  to  the 
plane  of  the  two  axes.  The  field  is  restricted  to  that  plane.  Yet 
this  is  sufficient  to  demonstrate  that  the  net  work  for  full 
roution  can  be  different  for  the  two  senses  of  rotation  in  the 
plane. 

There  is  at  least  one  experimental  paper  in  which  a  col¬ 
lection  of  fine  particles  of  CrOj  exhibits  this  effect.3  To  es¬ 
tablish  a  sense  of  roution  there  had  to  be  at  least  two  axes, 
defined  for  the  system  of  particles  as  a  whole.  If  it  were 
shown  that  both  of  these  axes  were  twofold  axes,  then  the 
implication  would  be  that  the  magnetization  processes  in  the 
individual  particles  were  nonuniform. 

The  model  has  a  line  of  n  moments  with  one  uniaxial 
twofold  anisotropy  acting  on  all  the  moments  and  another 
larger  twofold  anisotropy  acting  only  on  the  moments  at  the 
ends  of  the  line.  This  models  a  particle  with  pinning  from 
large  surface  anisotropy.  The  length  of  the  line  X  is  an  addi- 
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tional  parameter  that  eaters  with  the  exchange  constant  A  in 
the  energy  expression  £„=i4(curl  M)2.  We  have  given,  pre¬ 
viously,  the  full  equations  and  the  method  of  their  solution 
for  the  calculation  of  the  ordinary  hysteresis.2  Here  the  se¬ 
quence  is  that  of  repeated  solutions  for  a  series  of  angles  of 
the  field  at  fixed  magnitude  rather  than  a  series  of  fields  at 
fixed  angle.  For  each  field  angle  we  calculate  the  angles  that 
the  moments  make  with  the  field  axis.  We  determine  the  net 
moment  of  the  system  along  that  axis  and  the  net  torque 
exerted  by  the  field  on  the  system.  If  the  field  is  neither  too 
high  nor  too  low,  there  ate  critical  angles  at  which  the  mag¬ 
netization  and  the  torque  change  abruptly  and  irreversibly. 
These  arc  different  for  CW  and  CCW  rotation. 

We  have  considered  a  range  of  length  scales  from  very 
small  to  large  particles.  In  small  particles  the  exchange  ef¬ 
fects  couple  the  moments  into  almost  coll  inear  patterns.  In 
large  particles  there  is  uniform  rotation  against  the  bulk  an¬ 
isotropy  except  close  to  the  ends  where  the  surface  anisot¬ 
ropy  pins  the  magnetization.  Both  limits  approach  SW  be¬ 
havior  with  an  effective  anisotropy  that  depends  on  the  two 
anisotropies  and  the  number  of  units  in  the  line.  For  particle 
sizes  comparable  to  domain  wall  dimensions  the  effects  of 
competing  anisotropies  and  the  deviauous  from  SW  behavior 
are  most  noticeable. 

First  we  consider  the  minimum  field  Hcl  for  the  onset  of 
rotational  hysteresis.  The  rotational  hysteresis  at  Hcl  is  large. 
For  the  SW  limit,  it  is  a  maximum  at  Hcl.  For  the  noncol- 
linear  system,  it  is  the  same  for  both  senses  of  rotation  right 
at  Hcl.  For  higher  fields,  it  increases  for  CCW  and  decreases 
for  CW.  The  sense  of  rotation  is  defined  below.  When  the 
particle  is  small,  Hcl  will  be  high,  because  the  surface  an¬ 
isotropy  is  greater  than  the  bulk  anisotropy.  We  normalize 
the  field  to  the  effective  anisotropy  what  would  apply  for 
infinite  exchange  coupling 

K *,=  -  [4K2,+4{n-2)KJ(b  cos  a+(n-2)2K2b]u2, 
n 

U) 

where  a  is  the  angle  between  the  anisotropy  axes  with  an- 
itropy  constants  K,  and  Kb  for  the  surface  and  bulk,  re- 
pectively.  We  take  the  bulk  anisotropy  axis  as  the  reference 
angle.  We  have  chosen  the  constants  such  that  a=65°  and 
2K!=(n-2)Kb  for  n  =52. 

The  reduced  critical  field  for  the  onset  of  hysteresis  is 


where  M,  is  the  moment  per  unit  volume.  This  goes  to  the 
SW  value  hc,= 1/2  in  both  size  limits.  The  deviations  of  hcl 
from  1/2  are  in  the  opposite  sense  for  small  and  large  par¬ 
ticles  as  shown  in  Fig.  1.  The  length  of  the  particles  is  nor¬ 
malized  to  the  domain  wall  pararr.ter  8w=v(A/Kb)112.  For 
smaller  particles,  the  noncollinearity  of  the  spin  system  re¬ 
duces  the  actual  effective  anisotropy  below  that  used  for  nor¬ 
malization,  Ka,.  For  larger  particles,  the  field  acts  primarily 
on  the  bulk  moments  rotating  them  against  the  bulk  anisot¬ 
ropy,  but  there  is  a  residual  anisotropy  effect  from  the  ex¬ 
change  coupling  to  the  end  moments  which  act  as  pins  in  the 
low  fields  needed  to  rotate  the  bulk.  The  residual  effect  ac- 


F1G.  1.  The  onset  of  rotttkmal  hysteresis  for  s  oac -dimensional  model  of  a 
particle  with  large  surface  anisotropy.  The  minimum  field  Htl  depends  on 
the  size  X  of  (he  pnmde.  H =  2K^M, .  where  K  r  is  defined  in  Eq.  1 1 1 
sad  it  is  the  domain  wall  parameter. 


counts  for  the  almost  constant  offset  seen  for  large  X  in  Fig. 
1.  For  much  larger  particles,  hc[  returns  to  1/2. 

Next  wc  consider  in  detail  the  rotational  hysteresis  for  a 
particular  example  with  X/^»= 0.65  and  h  =  M sH/(2KeB) 
=9.6>/iC|.  There  are  strong  differences  for  CW  and  CCW 
rotations;  see  Fig.  2.  The  magnetization  and  torque  repeat 
with  a  periodicity  of  180°  in  either  direction.  (There  are  other 
cases  where  the  minimum  periodicity  is  360°  in  one  or  the 
other  or  both  directions.)  The  presentation  in  Fig.  2(a)  sacri¬ 
fices  some  clarity  for  the  sake  of  compactness.  The  right  side 
of  the  diagram  shows  the  response  to  angle  changes  for  CW 
rotation.  The  left  side  describes  rotation  in  the  CCW  sense. 
Hie  field  is  along  the  bulk  anisotropy  axis  at  the  origin.  At  0° 
the  torques  from  the  end  moments  rotate  the  magnetization 
slightly  clockwise  fron.  alignment  with  the  field.  At  +65° 
and  -115°  the  field  is  along  the  axis  of  the  end  moments. 
The  net  moment  along  the  field  axis  is  a  local  maximum 
when  the  field  is  near  30°.  This  almost  bisects  the  acute  angle 
between  the  anisotropy  axes.  This  condition  can  be  achieved 
starting  with  the  field  along  the  bulk  anisotropy  axis  and 
rotating  the  particle  so  that  the  field  angle  is  closer  to  the  axis 
of  the  pinned  ends  at  65°.  This  is  the  meaning  of  CW  clock¬ 
wise  rotation  of  the  field. 

If  the  particle  is  rotated  in  the  opposite  sense  (CCW 
rotation  of  the  field)  the  moment  remains  near  to  the  bulk 
anisotropy  axis,  in  the  initial  direction,  until  the  magnetiza¬ 
tion  is  at  a  negative  maximum  with  respect  to  the  field.  This 
happens  at  an  angle  of  -160°  where  the  field  and  the  mag¬ 
netization  are  again  near  the  middle  of  the  acute  angle  be¬ 
tween  the  two  anisotropy  axes,  but  now  in  opposite  direc¬ 
tions.  On  continued  CCW  rotation,  the  magnetization  rotates 
further  from  the  bulk  axis  and  closer  to  the  pinning  axis  until 
there  is  sufficient  torque  from  the  field  to  pull  all  the  mo¬ 
ments  close  to  the  field  direction  at  -172°.  This  is  the  tran¬ 
sition  from  e  to  /  in  Fig.  2(a).  We  show  the  configuration  of 
the  spins  before  and  after  this  transition  in  Fig.  2(b).  Note 
that  all  the  moments  switch  with  respect  to  their  local  anisot¬ 
ropy  axes,  but  the  end  moments  rotate  the  most  in  this  tran¬ 
sition 

As  the  field  is  rotated  CW,  starting  from  along  the  bulk 
axis,  the  magnetization  aligns  more  closely  with  the  neld,  but 
then  starts  to  lag  behind  until  at  119°  it  rotates  irreversibly 
toward  the  field.  This  is  the  transition  from  a  to  b  in  Fig. 
2(a).  The  field  and  the  magnetization  are  near  the  middle  of 
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FIG.  2.  Rotation  of  a  model  particle,  k/ 4,  =0.65,  with  large  surface  anisot¬ 
ropy  in  an  applied  field,  h  =  MIHI(2KtR)=Q.b.  (a)  Magnetization  M,  torque 
L  ,  energy  E, ,  and  work  IF,  for  clockwise  CW  and  counterclockwise  CCW 
rotation,  (b)  Moment  configurations,  showing  a  fraction  of  the  moments, 
before  and  after  the  irreversible  changes  as  noted  in  (a). 


the  obtuse  angle  between  the  anisotropy  axes.  The  slight 
changes  in  the  spin  configuration  are  shown  in  Fig.  2(b). 
Only  the  bulk  moments  switch  with  respect  to  their  anisot¬ 
ropy  axis.  For  calculations  at  lower  fields  the  rotation  in  this 
region  of  angles  is  reversible. 

As  the  field  angle  is  increased  further  to  138°  in  the  CW 
direction,  another  irreversible  transition  goes  from  c  to  d  in 
Fig.  2(a).  Onlv  the  end  moments  switch  with  respect  to  their 
anisotropy  axis,  as  shown  in  Fig.  2(b).  For  calculations  at 
lower  fields  all  the  moments  switch  at  the  equivalent  angle. 

For  fields  between  - 172°  and  +119°  the  magnetization 
can  rotate  back  and  forth  reversibly.  On  rotation  CW  beyond 
138°  the  behavior  is  the  same  as  starting  at  -42°  and  rotat¬ 
ing  CW.  On  rotation  CCW  beyond  - 172°  the  behavior  is  the 
same  as  starting  at  8°  and  rotating  CCW. 

The  torques  at  each  field  are  shown  in  Fig.  2(a).  Note 
that  the  torque  can  jump  from  being  large  in  one  direction  to 
being  large  in  the  opposite  direction.  The  shaded  regions  in 
Fig.  2(a)  show  the  positive  and  negative  work  done  for  each 
rotation  direction  through  180°. 

There  are  two  equivalent  measures  of  the  net  work  done 
on  rotation  through  360°.  The  integral  of  the  torque,  shown 
as  V/r  in  Fig.  2(a),  is  measured  starting  with  the  field  along 
the  bulk  axis.  W,  increases  for  CCW  rotation  from  0  to 


FIG.  3.  The  field  dependence  of  W,(360°),  the  net  work  done  on  rotation 
CW  and  CCW  through  360°,  for  three  sizes  of  model  particles.  The  curves 
labeled  SW  describe  W,(360°)  for  the  same  panicles  in  the  limit  of  very 
strong  coupling  of  the  moments. 

-160°.  Then,  just  as  some  of  that  energy  is  beginning  to  be 
recovered,  the  big  jump  at  - 1 72°  dissipates  the  energy  as 
heat.  For  CW  and  for  CCW  rotations,  the  sum  of  all  the 
drops  in  energy  is  equal  and  opposite  to  the  net  work  done  by 
the  torque  in  a  complete  cycle.  The  energy  of  the  particle  as 
a  function  of  field  angle  is  shown  as  E,  in  Fig.  2(a).  The  net 
work  Wr(360°)  for  CW  and  CCW  for  this  case 
[h  =  MsHI(2KeB)=0.6,XI8w=0.65]  is  shown  as  two  open 
circles  on  the  middle  panel  in  Fig.  3  If  each  point  in  Fig.  3 
were  discussed  in  the  same  detail  given  for  these  two  points, 
there  would  be  many  different  stories  to  be  told 

Extensive  calculations  for  a  series  of  fields  produce  the 
results  that  are  summarized  in  Fig.  3.  The  field  dependence 
of  VFr(360°)  for  CW  and  CCW  rotations  is  shown  for  three 
particles  that  can  be  considered  as  small,  intermediate  and 
large  in  the  sense  of  Fig.  1.  The  net  work  for  each  size 
particle  is  compared  with  the  behavior  of  a  SW  particle  with 
the  effective  anisotropy  given  by  Eq.  (1). 

These  calculations  used  a  single  choice  of  the  angle  be¬ 
tween  the  two  anisotropy  axes.  This  is  but  a  small  look  at  the 
behavior  of  these  model  particles. 

‘A.  S.  Arron,  T.  L.  Templeton,  and  Y.  Yoshida.  in  Nanophase  Materials: 
Synthesis,  Properties,  Applications,  edited  by  R.  D.  Siegel  and  G.  C.  Had- 
jipanayis  (Plenum,  New  York,  in  press). 

2  A.  S.  Anotl,  T.  L.  Templeton,  and  Y.  Yoshida.  IEEE  Trans.  Magn.  MAG- 
29.  2622  (1993). 
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The  magnetic  properties  of  an  assembly  of  monodomain  ferromagnetic  particles  are  computed, 
considering  the  whole  set  of  dipolar  interactions  in  competition  with  magnetocrystalline  anisotropy. 
Coercive  field,  remanent  magnetization,  initial  susceptibility,  are  studied  as  a  function  of  the  ratio  p 
of  competing  energies,  and  also  of  geometrical  parameters  such  as  density,  p  =*  1  corresponds  to  a 
crossover  region,  separating  an  anisotropy-dominated  regime  from  a  coupling-dominated  regime. 
An  example  of  a  possible  experimental  realization  is  presented,  for  which  the  magnetization  curve 
and  hysteresis  loop  present  strong  similarities  with  calculated  ones;  a  numerical  discrepancy, 
however,  remains. 


I.  INTRODUCTION 

The  hysteretic  behavior  of  magnetic  material  still  re¬ 
mains  a  complicated  problem,  whose  computation  often  re¬ 
lies  on  phenomenological  concepts.  Numerous  models  have 
been  developed,  depending  on  the  considered  magnetization 
processes.  For  ferromagnetic  particulate  media,  the  role  of 
dipolar  interactions  is  known  to  be  of  great  importance  (re¬ 
cent  contributions  can  be  found  in  Ref.  1).  But  their  long- 
range  character  is  a  major  drawback  for  them  to  be  taken  into 
account.  Most  techniques  either  use  a  mean-field  approach2 
or  set  a  cutoff  or  else  only  deal  with  special  configurations 
like  aligned  easy  axes.3 

We  are  guided  in  this  work  by  experimental  results  on 
very  fine  particles  which  exhibit  rather  high  coercivity 
(40-80  kA  m'1)  but  low  remanence  (15%-25%  of  the  satu¬ 
ration  value).  It  is  believed  that  strong  interactions  ate  re¬ 
sponsible  for  those  values,  clearly  departing  from  Stoner- 
Wohlfarth  (SW)  values.  Transmission  electron  microscopy 
(TEM)  observations4  clearly  show  the  particle  aggregation. 

Let  us  also  mention  two  very  recent  works  on  the  field  of 
interacting  particles.  In  Ref.  5.  Westwood  er  al.  analyze  hys¬ 
teresis  loops  and  remanence  curves  of  a  cluster  of  Fe304 
particles  extracted  from  a  magnetic  ink,  which  are  described 
as  20-200  nm  single-domain  crystallites.  Coercivity  (6.4 
kAm  '1)  and  remanence  (0.1)  are  quite  low,  in  even  stronger 
contrast  to  “bulk”  magnetite  than  our  ferromagnets.  The  sec¬ 
ond  contribution6  is  an  attempt  to  explain  observed  depar¬ 
tures  of  the  properties  of  Fe304  microcrystallites  to  spin- 
glass  behavior  through  a  mean-field  approach  of  our 
problem:  competition  of  random  anisotropy  with  dipolar 
forces.  Calculated  hysteresis  loops  qualitatively  resemble 
outs,  and  a  comparison  between  MFA  and  “exact”  calcula¬ 
tion  should  be  fruitful. 

The  model  described  below  is  designed  to  calculate 
some  properties  of  a  finite  cluster  of  particles  whose  dynam¬ 
ics  is  driven  by  an  intrinsic  anisotropy  competing  with  the 
dipolar  coupling  to  all  the  other  particles,  providing  that  (i) 
their  magnetic  structure  is  monodomain  (rotation  susceptibil¬ 
ity  only),  (ii)  the'  thermal  relaxation  of  magnetization  can  be 
neglected.  The  major  point  of  those  calculations  compared  to 
previous  ones  is  to  be  found  in  the  quantitative  description  of 
the  influence  of  interactions  on  the  magnetic  properties  of 


ferromagnetic  particles,  exhibiting  two  well-defined  regimes: 
magnetostatic  and  anisotropic. 


II.  THE  MODEL 

In  the  following  we  consider  an  assembly  of  spherical 
particles  whose  intrinsic  properties  are  identical  (saturation 
magnetization  Ms,  uniaxial  anisotropy  constant  K),  the  an¬ 
isotropy  direction  being  uniformly  distributed  in  the  3d 
space.  Two  kind  of  geometries  are  considered:  (i)  particles, 
of  identical  radii  but  possibly  surrounded  by  a  nonmagnetic 
spherical  layer,  lie  on  a  cubic  lattice  with  a  certain  amount  of 
empty  sites  randomly  chosen;  (ii)  particles,  whose  radii  are 
distributed  according  to  a  predefined  statistical  law,  are  ag¬ 
gregated  following  a  cluster-cluster  aggregation  model.  Re¬ 
sults  fot  this  geometry  will  not  be  given  here.  Each  particle 
is  supposed  to  act  as  a  giant  moment,  whose  intensity  is 
frozen  by  the  exchange  interaction.  The  torque  acting  on 
each  moment  M„  is  r„=M„xB„,  where  the  local  field  B„  is 
defined  by 

(1) 

where  V„  is  the  vector  whose  components  are  d!dMx„y'‘  and 
M  is  the  total  energy  of  the  system: 


S/,—  ^O^cxt'S 
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v„  being  the  volume  of  particle  n  (||M„||=Ai  u„  a  uni¬ 
tary  vector  along  the  anisotropy  direction,  and  r„p  the  vector 
joining  particles  n  and  p.  No  thermal  relaxation  is  consid¬ 
ered;  the  system  is  taken  below  its  blocking  temperature.  At 
equilibrium  the  torques  vanish,  resulting  in  a  distribution  of 
local  fields  which  are  colinear  with  the  moments.7  From  Eqs. 
(1)  and  (2) 
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FIG.  1.  Evolution  of  remanent  magnetization  and  coercive  field  with  p,  for 
400  particles  on  a  1000  sites  cubic  lattice.  Relative  remanence  A# ,/M, 
(squares)  has  to  be  compared  with  SW  value  (dotted  line).  Bc  is  plotted  in 
units  of  “anisotropy  field”  //„  =  2/C//*0M,  *  triangles)  and  “magnetostatic 
field”  M,  (disks);  for  the  latter,  the  dashed  line  correspond  to  SW  value 
O  WK/poM, .  Solid  lines  are  only  guides  to  the  eye. 
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where  Apart  from  the  geometry  (distributions 

of  u„ ,  r„p ,  and  v„)  the  distribution  of  local  fields  B„  does  not 
depend  separately  on  Afs  and  K,  but  on  the  dimensionless 
ratio 


4irK 


which  measures  the  relative  strength  of  magnetocrystalline 
anisotropy  energy  versus  dipolar  energy.  Because  of  cou¬ 
plings,  an  iterative  method  is  necessary  to  solve  the  system 
of  equilibrium  equations  r„=0.  The  algorithm  is  as  follows: 
(i)  choose  a  starting  distribution  of  M„ ;  (ii)  calculate  the 
local  fields  and  the  total  energy;  (iii)  if  the  change  in  energy 
compared  to  the  previous  iteration  is  greater  than  a  pre¬ 
defined  threshold,  rotate  the  moments  towards  the  local  fields 
and  return  to  step  (ii),  else  end. 

Apart  from  the  very  beginning,  the  starting  distribution 
is  the  equilibrium  distribution  of  the  previous  calculation  (for 
hysteresis  loops,  magnetization  or  remanence  curves). 


III.  RESULTS 

Hysteresis  loops.  Influence  of  the  parameters  of  the 
model  are  presented  through  the  variation  of  the  coercive 
field  Hc  and  remanent  magnetization  Mr/Ms .  This  is  obvi¬ 
ously  not  sufficient  to  correctly  describe  the  loop  but  essen¬ 
tial  features  are  present.  More  details  will  be  published  in  a 
longer  paper.4  Figure  1  shows  the  influence  of  p  in  a  large 
range  of  values  (from  very  soft  to  very  hard  materials),  for  a 
cubic  lattice  of  400  particles  distributed  over  1000  sites, 
without  dead  layer.  It  can  be  seen  that  sensitivity  to  p  is 


maximum  for  0.2<p<2.  Outside  those  bounds  is  the  system 
entirely  driven  by  geometry  (lower  bound)  or  by  anisotropy 
(upper  bound). 

We  have  verified  that  the  size  of  the  cluster  was  not  a 
prominent  parameter  for  a  given  configuration,  by  varying 
the  number  of  particles  at  constant  density  0.4  on  a  lattice. 
Error  bars  are  estimated  for  three  cases  by  changing  the  dis¬ 
order  in  the  configuration  (the  location  of  empty  sites).  One 
finds  for  A#  ,/Af,  and  HJH, ,  respectively:  0.212±0.024  and 
0.275  ±0.039  for  200  particles,  0.213±0.016  and  0.266 
±0.023  for  400  particles,  0.209 ±0.008  and  0.286±0.013  for 
800  particles.  The  choice  of  400  particles  for  most  examples 
here  results  from  a  comprr  •  imputing  time  and 

statistical  reliability,  inclu  opy. 

The  influence  of  density  na>  oeen  tested:  the  system  ex¬ 
hibits  a  monotonic  decrease  of  Hc  and  M ,  with  increasing 
density,  which  is  consistant  with  a  globally  demagnetizing 
effect  of  the  dipolar  interactions. 

Initial  susceptibility.  The  slope  s  =  (M/M,)l(H/Ha )  at 
origin  is  extracted  from  magnetization  curves.  The  dimen¬ 
sionless  x,-dMldH |H=0  is  then  equal  to  ( 2ttlp)s ,  the  pref¬ 
actor  being  the  SW  value  when  the  field  is  perpendicular  to 
the  anisotropy  axis.  For  an  assembly  of  SW  particles  with  a 
uniform  distribution  of  anisotropy  direction,  this  value  is 
lowered  by  a  factor  2/3.®  Figure  2  shows  the  variation  of  x, 
with  p  for  the  same  assembly  of  400  particles  on  a  1000  sites 
cubic  lattice.  Attention  have  been  paid  to  chose  a  field  direc¬ 
tion  perpendicular  to  the  spontaneous  magnetization  of  the 
cluster,  whose  typical  intensity  is  less  than  0.053#,.  The 
susceptibility  is  measured  for  an  applied  field  equal  to 
0.05 Ha . 

Experimental  comparison.  The  material  which  is  thought 
to  fulfill  the  assumptions  of  this  model  is  an  iron-cobalt  pow¬ 
der  prepared  by  a  physical  process.9  Its  main  properties  are 
(i)  a  spherical  shape  with  an  asymmetric  size  distribution  (0 
from  15  to  150  nm),  (ii)  no  domain  wall  contribution  to  the 
susceptibility,  constant  (=4)  from  dc  to  1  GHz.  The  magne¬ 
tization  curve  and  hysteresis  loops  are  superimposed  in  Fig. 
3  to  calculated  ones  with  p=0.45  and  a  lattice  density  of  0.4. 
However,  the  agreement  is  only  apparent,  because  one  of  the 
axes  has  to  be  rescaled.  In  fact,  since  Ms  is  known,  the  field 
scale  is  fixed  by  p.  Thus,  in  this  case,  fields  of  the  simulation 
data  have  to  be  doubled,  or  equivalently,  the  (M,  ,K)  couple 
has  to  be  changed  to  (2Af,  ,4/C),  giving  exactly  the  same 
curve  in  a  plot.10  Despite  this  unexplained  nu¬ 

merical  disagreement,  these  plots  show  that  the  nontrivial 
shape  of  the  experimental  curves  could  be  recovered.  Other 
choices  for  p  or  geometry  do  not  lead  to  similar  shapes.  Note 
also  that  the  aggregation  process  in  the  real  material  is  not 
known,  and  can  be  reasonably  thought  to  be  driven  by  mag¬ 
netostatic  forces,  resulting  in  a  special  distribution  of  anisot¬ 
ropy  axes.  This  effect  will  be  examined. 

Remanence  curves.  These  curves  are  extensively  used  in 
the  field  of  recording  materials  to  characterize  their  perfor¬ 
mances  in  terms  of  switching  field  distribution  (SFD)  or 
signal-to-noise  ratio  for  instance.  The  reversible  and  irrevers¬ 
ible  parts  of  the  remanence  (IRrev  and  IRM)  and  demagne¬ 
tization  (IDrev  and  DCD)  curves  are  defined  as  in  Ref.  11. 
Figure  4  shows  the  predicted  remanence  curves  for  the  pa- 
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FIG.  2.  Initial  susceptibility  as  a  function  of  p  for  400  panicles  on  a  1000 
sites  cubic  lattice.  Saturation  of  Xi  for  “soft”  materials  which  is 

currently  observed  for  particulate  media,  is  recovered.  When  couplings  van¬ 
ish  (/>-**),  (/>/ 2v)Xi  tends  to  the  SW  value  2/3. 

rameteis  estimated  for  the  experimental  case.  It  can  be  seen 
that  reversible  components  superimpose  on  each  other  and 
do  not  present  peaks  around  the  remanent  coercivity  as  other 
systems  or  SW  calculations.12  This  effect,  as  well  as  the  slow 
variations  of  the  irreversible  components,  denotes  the  enlarg¬ 
ing  contribution  of  interactions  on  the  local  field  distribution 
in  general,  and  the  SFD  in  particular. 


IV.  DISCUSSION 

The  most  difficult  question  to  answer  about  this  model 
concerns  its  validity  range.  Despite  the  fact  that  M,  and  K 
are  dimensioned  input  parameters,  the  whole  problem  is  di¬ 
mensionless,  including  lengths.  Resuite  of  micromagnetic 
■  calculations  should  idealy  indicate  for  which  sizes  and  which 

p  values  the  assumptions  of  single-domain  and  coherent  ro¬ 
tation  are  relevant. 

Numerous  extensions  of  this  model  are  straightforward: 
rotational  hysteresis,  anhysteretic  susceptibility,...,  as  well  as 
modifications  like  considering  magnetostatic  instead  of  mag¬ 
netocrystalline  anisotropy  (spheroidal  particles).  Relations 


FIG.  3.  Compirisoa  of  experuncoutl  (solid  line)  magnetization  curve  (inset) 
and  hysteresis  loop  of  an  iron-cobalt  powder  with  simulated  data  (squares) 
for  a  1000  sites  lattice  with  density  0.4  and  /?=0.45.  The  field  values  of 
simulated  data  have  been  reacalcd  as  explained  in  the  text. 
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FIG.  4.  Remaneoce  curves  with  irreversible  (filled  symbols)  and  reversible 
(empty  symbols)  parts  predicted  for  the  same  set  *  f  "fitting"  parameters  as 
Fig.  3. 

and/or  equivalences  between  geometrical  and  physical  pa¬ 
rameters  are  also  to  be  studied  in  order  to  lower  the  number 
of  relevant  parameters. 

The  central  point  in  this  model  is  the  computation  of  the 
equilibrium  distribution.  Because  of  geometrical  disorder, 
the  energy  landscape  must  be  quite  complicated  and  conver¬ 
gence  to  (metastable)  equilibrium  states  should  be  carefully 
studied.13 

Finally,  as  stated  in  the  introduction,  it  would  be  of  great 
interest  to  compare  those  “exact”  calculations  with  a  mean- 
field  approach,  or  a  generalized  MFA  in  which  only  nearest 
neighbors  interactions  would  be  calculated,  the  remaining  of 
the  sample  acting  through  a  mean  field. 
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Simulation  of  magnetization  reversal  In  two-phase  exchange  coupled 
na nocry staillne  materials 
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A  nanoscale  two- phase  uniaxially  anisotropic  material  has  been  numerically  modeled  using  a 
two-dimensional  array  of  micromagnetic  moments  to  represent  the  material  on  an  atomic  scale. 
Demagnetization  curves  are  calculated  by  minimizing  the  total  energy  of  the  system  which  includes 
a  component  due  to  exchange  interactions  between  nearest  neighbors,  as  well  as  magnetocrystalline 
and  magnetostatic  energies.  Magnetization  reversal  is  shown  to  be  initiated  in  the  soft  magnetic 
phase  and  to  proceed  by  reversible  rotation  until  a  critical  field,  coercivity,  at  which  the 
magnetization  of  the  system  switches  irreversibly.  As  the  dimension  of  the  soft  magnetic  phase 
increases,  coercivity  approaches  a  lower  limit  and  there  is  a  transition  from  single-  to  two-phase 
magnetic  behavior. 


I.  INTRODUCTION 

The  magnetic  behavior  of  nanocrystalline  rare  earth- 
transition  metal  permanent  magnet  materials  synthesized  by 
rapid  solidification  and  mechanical  alloying  techniques  has 
received  increased  attention  in  recent  years.  Of  particular 
interest  has  been  the  observation  of  high  values  of  remanent 
magnetization  in  both  single-phase  and  two-phase 
materials.1-3  This  behavior  has  been  attributed  to  exchange 
coupling  at  intercrystalline  interfaces  and  the  increasing  in¬ 
fluence  of  such  interaction  effects  as  crystal  sizes  decrease.4 
Remanence-enhanced  materials  offer  potential  for  attaining 
high  energy  products  in  crystalline  isotropic  permanent  mag¬ 
nets. 

In  this  paper  we  present  results  of  a  numerical  study  of 
the  demagnetization  process  using  a  two-dimensional  model 
of  a  material  comprising  small  particles  of  a  hard  magnetic 
phase  in  a  soft  magnetic  matrix.  The  results  illustrate  the 
important  effects  of  particle  and  matrix  size  on  the  magnetic 
behavior. 

II.  THE  MODEL 

A  two-dimensional  array  of  micromagnetic  moments  is 
used  to  represent  a  material  on  an  atomic  scale.  Different 
magnetic  phases  of  varying  sizes  are  modeled  by  specifying 
the  same  magnetocrystalline  anisotropy  (first  order  only), 
easy  axis  of  magnetization  (uniaxial),  and  magnitude  of  mag¬ 
netic  moment  for  groups  of  neighboring  elements. 

For  a  given  field,  the  equilibrium  configuration  of  the 
moments  is  determined  by  minimizing  the  total  energy  of  the 
system,  where  the  energy  at  each  site  is  expressed  as  the  sum 
of  magnetostatic,  magnetocrystalline,  and  exchange  energy 
components.5  The  effects  of  demagnetizing  fields  have  not 
been  taken  into  account.  Previous  modeling  studies  on  fine 
structure  materials  suggest  that  exchange  interactions  domi¬ 
nate  in  nanoscale  materials.6,7 

The  results  presented  in  this  paper  are  for  materials  com¬ 
prising  a  uniform  distribution  of  particles  of  a  hard  magnetic 
phase  in  a  matrix  of  a  soft  magnetic  phase.  Figure  1  is  a 
schematic  diagram  of  the  corresponding  array  of  micromag¬ 
netic  moments.  The  easy  direction  of  magnetization  of  the 


hard  magnetic  phase  is  aligned  with  the  field  so  that  rema- 
nence  is  maximised.  That  of  the  soft  magnetic  phase  is  at  ir/4 
to  the  field  direction.  Material  properties  of  Nd2Fe,4B  and 
o-Fe  have  been  used  for  the  hard  and  soft  magnetic  phase, 
respectively.  The  lattice  dimension  is  assumed  to  be  3  A. 

II.  RESULTS  AND  DISCUSSION 

Simulation  of  magnetization  reversal  suggests  that  the 
properties  are  critically  dependent  on  the  size  of  the  soft 
magnetic  phase.  In  zero  field  the  soft  magnetic  moments, 
which  in  the  absence  of  exchange  coupling  would  lie  along 
their  easy  axis  of  magnetization  at  rr/4  to  the  field  direction, 
align  with  the  hard  magnetic  phase.  As  the  reverse  field  in¬ 
creases  those  soft  magnetic  moments  furthest  from  the  inter¬ 
face  begin  to  rotate  first.  For  a  given  field,  the  amount  of 
rotation  depends  on  the  size  of  the  phase.  Figure  2  compares 
the  equilibrium  distribution  of  mordents  at  the  same  field  in 
systems  with  the  same  size  of  the  hard  magnetic  phase  and 
different  dimensions  of  the  soft  magnetic  phase.  In  the  small¬ 
est  system  all  the  soft  magnetic  moments  are  relatively 
proximate  to  the  hard  magnetic  phase  and  rotation  is  sup¬ 
pressed.  For  larger  sizes  there  is  more  rotation  in  the  center 
of  the  soft  magnetic  phase  with  an  associated  increase  in  the 
nonuniformity  of  magnetization  in  the  system.  Demagnetiza¬ 
tion  proceeds  by  reversible  rotation  until  a  critical  field,  the 


FIG.  1.  Two-dimensional  array  of  micromagnetic  moments  used  to  model  a 
two-phase  material  comprising  a  uniform  distribution  of  identical  particles 
in  a  matrix  of  a  different  phase. 
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1G.  2.  Comparison  of  the  distribution  of  orientations  of  the  mictomagnetic 
moments  in  materials  with  the  same  particle  size  of  hard  magnetic  phase 
=5.1  nm  and  minimum  dimensions  of  the  soft  magnetic  matrix  phase =2.7, 
3.9,  and  5.7  nm.  The  field  is  just  less  than  the  coerrivity  of  the  largest 
system  and  the  corresponding  values  of  magnetization  u  a  fraction  of  satu¬ 
ration  A//A#,*=1.0, 0.6,  ~0.3.  Note  that  these  configurations  are  for  the  top 
left-hand  quarter  of  the  array  as  indicated  in  Fig.  1.  Refer  to  Fig.  3  for  the 
complete  demagnetization  curves. 


coercivity,  is  reached  at  which  the  system  becomes  unstable 
and  all  the  moments  flip  irreversibly.  The  6eld  corresponding 
to  the  configurations  in  Fig.  2  is  close  to  the  coercivity  of  the 
largest  system  for  which  it  can  be  seen  that  all  the  hard 


H/H*. 


FIG.  3.  Demagnetization  curves  for  a  particle  size  of  bard  magnetic  phase 
=5.1  nm  and  a  range  of  minimum  dimensions  of  the  soft  magnetic  phase. 
The  magnetic  field  H  is  plotted  as  a  fraction  of  the  anisotropy  field  of  the 
hard  magnetic  phase  Hk.  Note  that  the  ratio  of  the  anisotropy  fields  is  0.005. 

magnetic  moments  have  been  disturbed  from  their  easy  di¬ 
rection  of  magnetization  because  of  the  extent  of  the  rotation 
in  the  soft  magnetic  phase. 

Demagne'ization  curves  for  a  range  of  sizes  of  the  soft 
magnetic  phase  are  shown  in  Fig.  3.  The  change  in  shape  of 
the  curves  indicates  a  transition  from  single-  to  two-phase 
magnetic  behavior  with  increasing  size  of  the  soft  magnetic 
phase.  For  systems  with  small  matrix  dimensions  the  curves 
are  approximately  square  and  there  is  little  change  in  mag¬ 
netization  due  to  reversible  rotation  prior  to  coercivity.  As 
the  size  of  the  soft  magnetic  phase  increases  and  there  is 
more  rotation  at  the  center  of  the  phase,  the  systems  become 
unstable  in  lower  fields.  After  coercivity  all  the  systems  are 
approximately  saturated  in  the  reverse  direction  because  the 
easy  axis  of  magnetization  of  the  hard  magnetic  phase  is 
aligned  with  the  field  such  that  there  is  no  subsequent  rota¬ 
tion 

Figure  4  shows  the  reduction  in  coercivity  with  increas¬ 
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FIG.  4.  Decrease  in  coercivity  He  with  increasing  minimum  dimension  of 
the  soft  magnetic  phase  for  particle  sizes  of  the  hard  magnetic  phase =5.  to, 
20,  and  30  nm. 
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mg  minimum  dimension  of  the  soft  phase  for  a  range  of  sizes 
of  the  hard  magnetic  phase.  The  highest  coercivity  is 
achieved  in  the  system  with  the  largest  particle  size  and 
smallest  matrix  dimension.  As  the  amount  of  soft  magnetic 
phase  increases  there  is  an  initially  rapid  decrease  in  coerciv¬ 
ity.  For  larger  dimensions  of  this  phase,  coercivity  is  ap¬ 
proximately  constant  reflecting  the  fact  that  there  is  little 
further  increase  in  the  amount  of  nonuniform  magnetization 
in  the  system.  Above  a  critical  dimension  a  second  disconti¬ 
nuity  is  observed  because  the  soft  magnetic  moments  suffi¬ 
ciently  far  from  the  interface  behave  independently  of  the 
presence  of  the  hard  magnetic  phase  and  flip  irreversibly  in  a 
field  which,  for  the  easy  axis  of  magnetization  of  the  soft 
magnetic  phase  at  tt/4  to  the  field,  is  approximately  half  the 
anisotropy  field  of  the  phase. 

There  is  a  lesser  dependence  of  coercivity  on  the  size  of 
the  hard  magnetic  phase  and  again  this  is  only  significant  for 
small  sizes.  The  increase  in  coercivity  with  increasing  par- 
tide  size  in  the  context  of  this  model  is  a  result  of  the  lower 
proportion  of  material  in  the  interfacial  region  that  is  expe¬ 


riencing  maximum  nooumformity  of  magnetization  due  to 
rotation  in  the  center  of  the  soft  magnetic  phase. 

IV.  CONCLUSIONS 

An  atomic  scale  model  has  been  used  to  demonstrate  the 
mechanism  of  magnetization  reversal  in  an  exchange 
coupled  nanoscale  mixture  of  a  hard  and  soft  magnetic 
phase.  The  results  suggest  that  coercivity  and  enhancement 
of  magnetization,  and  hence  maximum  energy  product,  de¬ 
pend  significantly  on  the  size  of  the  soft  magnetic  phase. 
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Activation  volume  of  a  pair  of  magnetostaticaliy  coupled  particles 
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The  activation  volume  of  an  interacting  pair  of  uniaxially  anisotropic  fine  ferromagnetic  particles  is 
studied  assuming  a  dipole  approximation,  for  the  case  of  the  applied  field  parallel  to  the  bond 
direction  and  the  common  anisotropy  axis.  Using  an  analytical  treatment,  it  is  shown  that  the 
activation  volume  depends  primarily  on  activation  energy  and  to  a  smaller  extent  on  the  location  of 
the  saddle  point  of  the  transition.  The  incoherent  reversal  by  “fanning”  and  the  collective  thermal 
excitations  of  the  magnetization  result  in  a  reduction  of  the  activation  volume.  The  dependence  on 
coupling  strength  is  also  discussed.  Numerical  calculations  using  the  Langevin  formalism  provide  a 
correction  to  the  theory  that  is  significant  in  the  limit  of  very  short  relaxation  times. 


I.  INTRODUCTION 


The  magnetic  viscosity  observed  in  fine  particle  media 
arises  from  the  thermal  activation  of  the  magnetization  over 
energy  barriers  that  arise  primarily  from  the  shape  or  crystal 
anisotropy.  The  time  dependence  is  quasilogarithmic  and  the 
decay  constant  S  is  relate  '  to  the  irreversible  susceptibility 
Yin  (Ref-  1) 


kT  X 


M,  S  ’ 


in 


(i) 


where  VB  is  the  activation  volume.  If  the  magnetic  reversal 
is  coherent,  Vm.  is  related  to  the  change  of  the  magnetization 
required  to  attain  the  direction  of  maximum  energy  and  ini¬ 
tiate  the  activation  (discussed  in  a  recent  review2).  Theoreti¬ 
cal  studies  have  so  far  been  confined  to  the  case  of  noninter¬ 
acting  particles  and  coherent  reversal.3  There  is  experimental 
evidence,  however,  that  interactions  may  result  in  enhance¬ 
ment  of  the  activation  volume.4  Incoherent  reversal  is  prob¬ 
ably  also  of  importance  since  the  measured  activation  vol¬ 
ume  of  elongated  particles  is  a  small  fraction  of  the  particle 
size.3 

In  the  present  study,  the  activation  volume  is  calculated 
for  the  simplest  case  of  an  interacting  pair  of  particles.  The 
energy  surface  of  this  system  has  been  mapped3  and  the 
analysis  represents  the  basis  of  the  treatment  in  Sec.  II.  The 
validity  of  the  approximations  is  then  tested  by  comparison 
with  numerical  calculations  in  Sec.  III.  The  approach  used 
considers  the  thermal  forces  as  white  Gaussian  “noise”  and  a 
set  of  stochastic  equations  of  motion  for  the  magnetization  is 
derived  and  integrated  numerically.6 


II.  ANALYTIC  TREATMENT 

We  consider  first  an  aligned  ensemble  of  noninteracting 
particles.  The  mean  switching  time  t  of  any  moment  in  the 
direction  of  an  applied  field  H  is  given  by  the  Neel- 
Arrhenius  law,  r~l  =  fae~E'lkT1  where  EB  is  the  energy  bar¬ 
rier  of  the  reversal  and  /0  is  a  frequency  factor  that  is  depen¬ 
dent  on  applied  field,  temperature,  and  anisotropy.7 
Transitions  against  the  field  are  ignored.  It  is  convenient  to 
define  /„  as  a  constant,  for  example,  fg  =  a|  y0\HK ,  where 
Hk=  2 KIM,  is  the  anisotropy  field  and  a,  %  are  the  damp¬ 


ing  and  gyromagnetic  parameters  in  the  Landau-Lifshitz 
equation  of  motion  of  the  magnetization,  and  express  r  as 

T'=f'0e-E>T.  (2) 

The  activation  volume  of  the  ensemble  is  derived  from  Eqs. 
(1)  and  (2)  (Ref.  8) 

(dE‘g/dH)\E^=E’ 

- JTS - ’  ,3> 

where  E'  =  kT  In  (/JO  is  the  activation  energy  dependent 
on  the  characteristic  time  t '  of  measurement.  The  activation 
volume  of  individual  particles  is  obtained  from  Eqs.  (2)  and 

(3)  as 
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The  theoiy  is  next  applied  to  the  case  of  an  interacting 
pair  of  particles  of  uniaxial  anisotropy.  If  the  bond  direction 
and  the  easy  axes  are  parallel  to  the  applied  field,  the  mag¬ 
netization  reverses  by  fanning  and  the  energy  barrier  Eg  was 
evaluated  by  Chen  el  al.s  assuming  a  dipole  approximation. 

Analytic  expressions  for  the  activation  volume  of  the 
dipole  pair  can  be  obtained  for  some  special  cases. 

Case  A.  In  the  asymptotic  limit  kT/Eg—>0, 
E'g  =  EB  -  kT  \n(J(Jf0)—EB ,  since  the  T  dependence  of  f0  is 
relatively  weak.  The  activation  volume  is  then  obtained  from 
Eq.  (3). 


<!+*)/ 


y]2E'/[KV{  1  +*)] 


if  k>y  or  else  h>h„ 


=  2-A-V(l-*)(l-3*)|».». 

=  V4[l-2*-V(l-*)(l-3*)]+E7*V,  otherwise, 

(5) 

where  h  =  -HIHK  is  the  reverse  field,  A'  is  the  field  when 
EB  =  E' ,  k=M,VI(HKR})  is  a  measure  of  the  coupling 
strength,  R  is  the  dipole  pair  separation,  and 
Aa=(l  +*) V(1  —  3*)/(  1  -*)  is  the  critical  field  associated 
with  the  transition  between  symmetric  (h>ha)  and  asym¬ 
metric  (h<ha)  fanning.5 
It  can  be  shown  that 
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FIG.  1.  The  activation  volume  dependence  on  coupling  strength  k  for  dif-  FIG.  2.  The  activation  volume  dependence  on  coupling  strength  k  for  dif¬ 
ferent  values  of  the  ratio  E'/KV.  ferent  values  of  the  applied  field  h. 


(6) 


E'  IK 

v-mT+i=k 

if  *>}  or  else  h>ha 


where  A mH  is  (he  variation  in  the  component  of  the  mag¬ 
netic  moment  of  the  pair  (in  the  direction  of  the  held)  in¬ 
volved  in  the  rotation  from  the  configuration  of  locally  mini¬ 
mum  enetgy  to  the  saddle  point  of  the  transition.  Equation 
(6)  is  consistent  with  the  definition  Eq.  (3)  and  should  not 
therefore  be  dependent  on  the  reversal  mechanism.  For 
coherent  reversal,  we  obtain  VKI/V=A  mHIM,V 
=  2[1  -A/(l  +  3*)],  a  value  larger  than  the  expression  for 
symmetric  or  asymmetric  fanning  [Eq.  (5)].  Incoherent  re¬ 
versal  therefore  reduces  the  activation  volume  of  the  pair. 

The  activation  volume  of  the  pair  is  shown  in  Fig.  1  as  a 
function  of  the  coupling  strength  *.  The  field  h'  is  chosen 
so  that  the  activation  energy  f'(*£g)  is  invariant  in 
the  calculation.  The  activation  volume  of  the  pair  scales 
with  the  activation  energy  E'  and  depends  to  second  order 
on  the  strength  of  the  interaction  k  which  determines 
the  shape  of  the  energy  surface.  Initially,  when  k=0, 
h'  ~  1  —  -JE' /KV<ha~  1.  As  *  increases,  h'  increases  until 
h'  =  ha  and  the  activation  volume  acquires  a  maximum 
value,  since  the  change  Amw  is  largest  at  that  point. 

The  dependence  of  the  ratio  V^V  on  coupling  strength 
k  at  constant  field  h  is  shown  in  Fig.  2.  The  enhancement  of 
the  activation  volume  of  the  pair  with  interaction  strength 
results  primarily  from  the  increased  energy  of  activation  E'. 

Consider  the  activation  volume  of  an  ensemble  of  non¬ 
interacting  pairs  of  particles  characterized  by  a  dispersion  in 
sizes  V.  The  activation  volume  in  this  case  is  dependent  on 
the  energy  of  activation  E'(T,t')  and  does  not  become  tem¬ 
perature  independent  in  the  limit  of  low  T.  By  expressing  V 
as  a  function  of  (£' ,h,k)  and  substituting  in  Eq.  (5),  the 
activation  volume  of  the  ensemble  is 


[2-h- V(1-*)(1-3*)]£VK 
"l+4*  +  3*2  +  A2-4h  +  2A  ,/(!-*)<  1-3*) 


Of  particular  interest  is  the  case  when  the  activation  energy 
£'  is  fixed,  for  example  by  an  experimental  setup.  An  in¬ 
crease  in  interaction  strength  then  results  according  to  Eq. 
(7)  to  a  reduction  of  the  activation  volume  of  the  ensemble. 

Case  B.  In  the  absence  of  interactions  (*=0),  it  is  pos¬ 
sible  to  use  the  "high-energy  barrier”  approximation  for  /„ 


FIG.  3.  The  field  dependence  of  the  activation  volume  of  a  single-domain 
particle  for  different  values  of  the  ratio  kTIKV. 
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where  A,  =  Wjt/Wjf  =  A/(l  +  A).  In  the  asymptotic  limit  7'-*0, 
Eq.  (9)  is  consistent  with  the  previous  approximation  [Eq. 

(5)]. 

W.  NUMERICAL  TREATMENT 

The  numerical  method  described  in  Ref.  6  was  used  to 
evaluate  the  relaxation  time.  The  activation  volume  was  then 
evaluated  from  Eq.  (4)  using  weighted  Chebyshev-series 
polynomial  approximations  to  the  numerical  data. 

The  main  features  of  Figs.  1,23  are  reproduced  by  the 
numerical  data.  The  dependence  of  the  activation  volume  on 
reduced  field  A H  =  (//J?  -  HKyrfj?  is  shown  in  Fig.  4.  At 
constant  A H,  the  activation  volume  increases  with  coupling 
strength  to  a  constant  value  as  is  predicted  by  the  theory  [Eq. 
(5)].  In  the  limit  A//— >0,  the  magnetic  reversal  is  nearly 
spontaneous  and  the  behavior  is  more  complex  since  the  de¬ 
pendence  of  the  prefactor  /„  on  ( k,h,KV/kT)  becomes 
significant.6,9 


FIG.  4.  Computed  VJV  vs  AW  =  (H?  -  WVWf  for  different  values  of 
coupling  strength  k  (KV/kT= 50). 


derived  by  Brown,7  valid  for  EaJkT>  1,  to  obtain  an  expres¬ 
sion  for  the  activation  volume  of  a  single  particle 


kT  1 +  3A 

~V  ~1~h~2KV  1 -A1  ' 


(8) 


The  equilibrium  thermal  fluctuations  of  the  magnetiza¬ 
tion  result  in  the  reduction  of  the  activation  volume  as  shown 
in  Fig.  3.  Equation  (8)  is  valid  for  KV(l -A)2/AT>1  but  this 
condition  is  not  satisfied  close  to  the  switching  field  (A— *1). 
The  energy  surface  in  this  case  becomes  flat  and  the  thermal 
fluctuations  can  not  adequately  be  described  by  a  second- 
order  energy  expansion.7 

Case  C.  In  the  limit  of  strong  coupling  (A  >1/3),  low 
temperatures  (Ea>kT)  and  strong  fields  [H  — *  Hjf 
=  //*(  1  +  A),  the  switching  field  at  T =0],  reversal  occurs  by 
near  symmetric  fanning.6  In  this  case,  it  can  be  shown  using 
Kramer’s  rate  theory9  that  /„  is  given  by  Brown's  high- 
energy  barrier  approximation  with  the  substitution 
H *  — » Wj?  ■  The  activation  volume  in  this  case  is  given  by 


kT  1+3A, 

v  ~2(1  hr)  2 k'bv T^aT  ’ 


(9) 


IV.  CONCLUSIONS 

The  activation  volume  in  fine  particles  is  not  the  volume 
that  reverses  magnetically  or  any  part  as  it  is  often  assumed. 
In  the  asymptotic  limit  EaS>kT,  the  activation  volume  of  an 
interacting  pair  is  related  to  the  physical  process  of  rotation 
of  the  magnetization  to  the  saddle  point  of  the  transition 
through  relation  (6).  This  relation  should  also  be  valid  for 
more  complex  collective  activation  processes  provided  they 
can  be  described  by  a  single  energy  barrier.  In  this  case,  the 
energy  barrier  of  lowest  height  and  hence  the  activation  vol¬ 
ume  can  be  evaluated  by  the  Ridge  method,10  an  efficient 
technique  for  finding  saddle  points  in  energy  surfaces. 
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Surface  Ken-effect  hysteresis  loops  used  to  determine  loop  parameters  such  as  coercive  field  and 
remanence  in  the  percent  of  saturation,  may  be  obtained  with  video  detection  via  uniform 
illumination  but  without  invoking  multiple  image  summation,  averaging  and  subtraction  as 
previously  used  to  overcome  poor  signal  to  noise  when  investigating  weak  Ken-contrast  materials. 
The  approach  taken  here  applied  to  power  ferrite  surfaces  is  to  calculate  for  each  applied  field  in  the 
repetitive  field  excitation  cycle,  an  accurate  number  representing  the  average  of  all  pixels  over  a 
grain  area.  The  grain  under  study  had  20—50  microns  across.  Results  stabilize  after  20  cycles,  within 
a  parameter  range  that  may  be  qualified  as  the  parameter  template.  For  small  grains  the  template 
values  become  more  important,  which  seems  to  be  in  accord  with  theories  of  the  H(  fluctuations  and 
the  nature  of  hysteresis  losses. 


INTRODUCTION 

The  arrival  of  powerful  imaging  technologies  and  the 
enhancement  of  the  Kerr  effect  (KE)  performances  in  the 
1980s  and  the  1990s  resulted  in  a  substantial  resurgence  in 
surface  imagery.  Schaefer  et  at ,I_J  have  recently  studied  the 
domain  movements  in  MnZn  recording  heads  in  order  to  find 
relations  between  the  magnetic  response  and  the  material 
structure.  But  researchers  were  primarily  interested  in  exam¬ 
ining  the  materials  as  used  in  recording  devices.  As  far  as  the 
authors  know  nobody  had  observed  the  domains  on  power 
ferrites  (PF).  There  are  two  major  reasons  for  this  fact.  First, 
the  benefit  of  observing  the  bulk  ferrites'  surface  seemed 
very  uncertain,  especially  when  looking  for  global  core 
losses  or  permeability.  Second,  the  technical  difficulties  are 
high  in  PF,  as  its  porosity,  texture,  and  grain  disorientation 
are  particularly  hostile  to  observations  in  polarized  reflected 
light. 

Srecific  for  PF  is  the  demand  for  the  highest  saturation 
possible  and  low  losses.  In  1992,  Goeffroy  and  Portesei! 
found4  that  the  quasistatic  losses  were  a  direct  consequence 
of  the  fluctuations  of  the  coercive  field.  This  followed  nu¬ 
merous  studies  on  one  wall  movements,5,6  where  the  interac¬ 
tion  fields  between  different  domain  walls  may  eventually  be 
treated  in  terms  of  the  local  fields  H  and  Hc ,  acting  on  a 
single  domain.6  The  measurements  of  the  spatial  Hc  fluctua¬ 
tions  in  the  case  of  the  polycristalline  materials  would  pro¬ 
vide  verification  data  for  the  theoretical  multidomain  Hc 
analysis. 

To  visualize  the  magnetic  domains  in  PF,7  we  con¬ 
structed  a  classical  longitudinal  KE  setup,  giving  particular 
attention  to  the  light  stability  and  the  numerical  treatment 
(Fig.  1).  Fig.  2  shows  an  example  of  the  domains,  which  we 
called  the  differential  domains,  obtained  by  the  subtractions 
of  images  taken  at  consecutive  field  values.  The  domains  are 
adjacent,  proving  a  regular  wall  progression.  Their  contrast  is 
very  weak,  two  or  three  numerical  levels,  on  the  scale  of  256. 

When  measuring  the  spatial  Hc  fluctuations,  we  record 
the  parameter  variations  due  to  nonrepetitivity.  To  repeat  the 
acquisition  a  sufficient  number  of  times,  with  the  image  av¬ 
eraging  as  a  rule,  we  had  to  acquire  images  for  six,  seven,  or 
more  hours.  Whereupon  the  problem  of  optical  and  mechani¬ 


cal  stability  becomes  delicate.  To  diminish  the  acquisition 
time,  it  is  necessary  to  automate  the  process  and  to  limit  the 
number  of  acquisitions,  possibly  by  giving  up  the  image  av¬ 
eraging.  The  averaging  being  a  problem  in  static  measure¬ 
ments  is  also  a  hindrance  to  the  application  of  the  strobos¬ 
copy  in  a  dynamic  regime,  because  we  average  the 
noncorrelated  noise  together  with  the  nonrepetitive  magnetic 
contrast  itself. 

AUTOMATION 

The  automation  of  acquisition  on  power  ferrites  is  a  tire¬ 
some  problem,  because  the  differential  domains  are  irregular 
in  form  and  weak  in  contrast.  The  problem  is  then  an  effi¬ 
cient  integrating  method. 

To  plot  the  local  hysteresis  loop,  we  combine  the  longi¬ 
tudinal  magnetization  variations  AAff  with  the  field  varia¬ 
tions.  There  are  two  methods  used  in  the  case  of  directly 
visible  domains:  first,  the  surface  method,  as  used  by 
Knowles  in  1959,8  and  the  second  one,  the  average  bright¬ 
ness  method  as  used  by  Minvehchi  in  1990. 7  In  a  paper  pre¬ 
sented  recently,10  we  proposed  a  generalization  of  these 
methods  to  be  applied  in  the  case  of  the  differential  domains. 
Here  we  apply  the  average  brightness  method,  where  the 
magnetization  increment  equals  the  mean  pixel  value  over 
the  whole  grain: 


FIG.  1 .  The  longitudinal  Kerr  effect  setup. 
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FIG.  4.  Local  coercive  field  measured  foe  the  different  number  of  the  im- 
FIG.  2.  An  example  of  differential  domains  on  the  surface  of  power  ferrite.  *S“  averaged  before  subtraction  (the  mean  value  and  dispersioo). 
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where  P  is  the  pixel  number  on  one  frame  and 
Ani=/ij1)— nj2*  's  the  contrast  increment  of  the  /  th  pixel 
under  the  field  variation  from  Hm  to  H<21. 

Once  we  have  linked  A Mf  with  the  entire  grain  area,  the 
automation  becomes  a  much  simpler  task  because  the  grain 
surface  is  delimited  once  and  for  all,  which  permits  us  to  not 
look  for  the  identification  of  irregular  and  weak  domains  on 
each  acquired  image. 

AVERAGING  AND  SUBTRACTION 

The  problem  of  automation  being  resolved,  there  still 
exists  the  problem  of  averaging  the  images.  However,  the 
averaging  may  not  be  imperative  for  a  numerical  analysis. 

We  have  examined  the  pixel  value  distribution  over  one 
nonaveraged  frame,  such  as  the  first  image  on  Fig.  3.  Any 
pixel  value  is  composed  of  three  contributions:  a  nonmag¬ 
netic  background,  a  magnetic  information,  and  a  noise.  The 
pixel  value  distribution  is  quasi-Gaussian,  and  if  we  average 
them  over  a  frame  we  eliminate  the  noise.  Thus,  the  work  of 
eliminating  the  noncorrelated  noise  is  shifted  from  frames 
averaging  to  pixels  averaging  in  one  image. 

On  the  other  hand,  in  the  adopted  average  brightness 
method  the  longitudinal  magnetization  variation  is  given  as  a 
difference  of  two  numbers: 


FIG.  3.  Differential  domains  with  1,  4,  16,  64,  128,  and  256  images  aver- 
aged  before  subtraction. 

5706  J.  Appf.  Ptiys.,  Vbt.  75.  No.  10, 15  May  1994 


and  the  work  of  the  nonmagnetic  background  elimination  is 
shifted  from  image  subtraction  to  numbers  subtraction. 

When  we  measure  the  local  parameters  for  different 
numbers  of  averaged  images,  we  find  that  their  values  vary 
only  slightly  (Fig.  4).  We  may  then  obtain  the  magnetic  in¬ 
formation  from  a  nonaveraged  image,  where  the  magnetic 
contrast  is  optically  absent. 

PARAMETER  TEMPLATE 

Once  the  problem  of  the  acquisition  time  and  automation 
is  resolved,  we  may  proceed  to  a  multiacquisition  that  will 
furnish  informations  relative  to  the  Hc  fluctuations  due  to  the 
nonrepetitivity.  When  repeating  the  measurements,  we  found 
that  the  results  stabilize  after  about  20  acquisitions.  Figure  S 
shows  a  plot  of  30  local  hysteresis  loops.  From  this  ensemble 
of  loops,  we  retrieved  data  to  determine  the  local  parameter 
template  that  we  defined  as  the  parameter  range  and  their 
mean  value  (Table  I). 

When  the  measurements  arc  brought  about  on  large 
grains — of  about  50  fi — then  the  loop  parameters  of  the 
whole  acquisition  scries  present  a  reasonable  relationship 
with  the  global  measurements,  the  latter  giving  the  following 
values:  the  coercive  field  Hc  =  17  A/m,  the  remanent  mag¬ 
netic  induction  Br= 93%  fl„,  the  saturation  induction  being 
0.35  T. 

GRAIN  SIZE  IMPACT 

The  measurements  of  20  grains  have  given  the  mean 
local  Hc  and  its  dispersion  growing  when  the  grain  size  be¬ 
comes  smaller.  As  the  smaller  grains  are  favorable  to  larger 
hysteresis  losses,  these  measurements  might  confirm  the 
theoretical  formula  of  Porteseil,4  for  whom  the  hysteresis 
losses  grow  with  more  important  Hc  fluctuations.  However, 
the  experimental  results  are  too  few  for  the  moment. 


FIG.  5.  Thirty  local  hysteresis  taken  in  one  automatic  acquisition 
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TABLE  1.  Local  parameter  trwpUle  retrieved  from  30  cycles. 


TempUlc 

Mean 

Hc*  lA/m) 

14A....16.4 

15.3 

hc  (Ay m) 

-15,7 . -133 

-14.5 

M*  (%> 

75,...37 

81 

(%) 

73.....81 

77 

CONCLUSION 

The  application  of  the  average  brightness  method  to  the 
measurements  of  the  local  hysteresis  loop  permits  the  auto¬ 
mation  of  repetitive  acquisition,  because  the  pictures  may  be 
acquired  without  the  image  averaging  or  subtraction.  The 
individual  measurements  are  nonrepetitive,  but  they  remain 
within  a  limited  range  that  may  be  quantified  by  the  notion  of 
template.  This  template  gives  the  measure  of  the  spatial  He 
fluctuations  in  multidomain  materials.  On  the  other  hand,  the 
elimination  of  the  image  averaging  from  the  acquisition  pro¬ 
cedure  makes  possible  the  application  of  stroboscopy  in  PF 
surface  observations.  The  template  variations  with  frequency 
may  provide  informations  concerning  the  Hc  fluctuations  in 


a  dynamic  regime,  possibly  permitting  certain  correlation  be¬ 
tween  local  and  global  measurements  in  power  ferrites. 
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This  paper  describes  a  micromagnetic  model  that  computes  the  vector  magnetization  in  a 
three-dimensional  geometry.  Since  the  magnitude  of  the  magnetization  is  constant,  the  energy 
minimization  is  performed  with  respect  to  polar  and  azimuthal  angles.  This  generates  a  pair  of 
coupled  nonlinear  partial  differential  equations  solved  numerically  in  spherical  coordinates.  The 
demagnetizing  field,  on  the  other  hand,  is  not  constrained  in  magnitude  and  therefore  requires  three 
variables  at  each  point  to  fully  describe  it.  Applying  this  to  a  Permalloy  film  whose  thickness  is 
equal  to  one  mesh  unit  permits  direct  comparison  to  our  2-D  study  that  only  permitted  pure  Neel 
walls  to  form.  The  extra  degree  of  freedom  allows  the  magnetic  spins  to  have  an  out-of-plane 
component,  which  is  especially  noticeable  in  the  region  where  a  vortex  formed  in  the  2-D  model. 
This  numerical  model  is  being  used  to  study  and  optimize  the  flux  conduction  in  a  pipe  whose  cross 
section  permits  the  elimination  of  closure  domains,  thus  improving  both  the  magnetic  susceptibility 
and  the  magnetic  stability  of  the  recording  bead. 


I.  INTRODUCTION 

Early  micromagnetic  models  of  domains1,2  were  essen¬ 
tially  analytic.  More  recently  some  two-dimensional 
solutions1'4  were  carried  out  using  numerical  techniques.  In  a 
previous  paper 5  we  used  a  micromagnetic  model,  defined 
upon  a  2-D  lattice,  to  obtain  the  magnetization  pattern  in  a 
soft  magnetic  thin  film.  In  all  these  cases  the  spin  angle  was 
allowed  to  rotate  only  in  a  plane.  The  magnetization,  whose 
magnitude  is  constant  for  quantum  mechanical  reasons,  can 
be  defined  by  a  single  variable,  the  angle  that  it  makes  with 
respect  to  a  given  axis.  Based  on  this  model,  we  examined 
the  effects  of  closure  domains  on  the  performance  of  thin 
film  recording  heads.6 

Although  1-D  and  2-D  models  have  been  useful  in  ana¬ 
lyzing  magnetic  materials,  they  introduce  an  error  since  the 
magnetization  structure  is  really  three  dimensional.  Though 
the  major  component  of  the  magnetization  lies  in  the  plane  in 
thin  films,  such  as  those  widely  used  in  recording  heads, 
under  certain  circumstance  some  magnetic  flux  may  leak  out 
of  plane.  This  paper  addresses  the  question  of  under  what 
circumstances  the  2-D  assumption  is  valid. 

It  was  pointed  out  elsewhere6  that  the  closure  domains 
may  negatively  affect  the  performance  of  the  recording  head. 
A  laminated  structure  has  been  suggested  as  a  way  to  elimi¬ 
nate  the  closure  domains.7  To  optimize  this  geometry  and  to 
solve  similar  problems  we  developed  a  3-D  numerical 
model,  presented  here,  in  which  there  are  no  constraints 
placed  on  the  direction  of  magnetization  and  the  bodies  con¬ 
sidered  are  three  dimensional. 

To  compare  our  new  3-D  program  with  our  2-D  work,5 
we  first  examined  the  same  films.  We  saw  that  when  increas¬ 
ing  the  magnitude  of  the  magnetization  the  2-D  approxima¬ 
tion  improved,  since  the  larger  demagnetizing  field  tends  to 
constrain  the  magnetization  to  lie  in  the  plane.  In  general,  a 
pure  Neel  wail  is  not  observed,  as  in  the  2-D  case.  As  the 
thickness  increased,  the  walls  in  the  center  of  the  film  are 
more  Bloch  type  while  at  the  surfaces  they  are  more  Neel 
type.  The  vortices  in  the  thin  film  are  also  discussed  in  detail 
in  this  paper. 


II.  FORMULATION 

The  sample  is  discretized  into  a  3-D  array  of  cubes,  and 
the  magnetic  moment  of  each  cube  is  represented  by  a  dipole 
m,  at  the  center  of  that  cube  equal  to  the  average  of  the 
moment  of  the  atomic  spins  in  the  cube.  Corrections  for  this 
approximation  have  been  discussed  elsewhere."  The  total 
magnetic  energy  is  the  sum  of  the  exchange,  anisotropy,  de¬ 
magnetization,  and  Zeeman  energies.9  The  exchange  energy 
Er  due  to  the  coupling  of  spins  S,  and  S(  is  given  by 

£«  =  2a£  2  E  Sj-Sj,  (11 

where  the  sums  are  carried  out  over  the  nearest-neighbor 
atoms.  When  the  cubes  are  small  enough,  the  direct.  varia¬ 
tions  between  the  neighbors  can  also  be  small.  Then  the 
above  dot  product  can  be  expressed  in  a  threefold  integral  in 
terms  of  polar  and  azimuthal  angles  as  illustrated  in  Fig.  1 
and  given  by 


S, 


FIG.  ’  Magnetization  vectors. 
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d-tix  8r8y  d-8. 
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/  d~<t>y 

1  Ax~  Ay~ 


+ 


sin2  8 


\dx  dy  dz. 


C) 


The  coordinate  system  is  oriented  so  that  the  easy  axis  of  the 
uniaxial  crystalline  anisotropy  is  the  x  axis.  Then  the  anisot¬ 
ropy  energy  is  given  by 


sin2  8  cos2  4>dx  dy  dz. 


(3) 


The  sum  of  demagnetization  and  Zeeman  energies  is  given 
by 


£*  =  -U“J  /  I 


(M-Hy-jM-  Hj)dx  dy  dz. 


(4) 


The  equilibrium  state  is  determined  by  finding  the  local 
minimum  of  the  sum  of  (1),  (2),  and  (3).  The  Euler- 
Lagrange  variation  method  is  used  to  minimize  this  integral 
with  respect  to  both  8(x,y,z)  and  <4 {x.y,z),  thus  automat: 
cally  satisfying  the  restriction  of  keeping  the  magnitude  ,! 
magnetization  constant.  This  results  in  the  following  .wo 
coupled  partial  differential  equations: 


2  e„ 


K 

—  sin  2  8  cos~  <t> 


2  A 


( Hx  cos  8  cos  <4 


and 


+Hy  cos  0  sin  d>-Ht  sin  8) 


2 


sin  2  <t>+ 


2 A  sin  8 


(5) 


X(Hx  sin  4>-Hy  cos  <t>).  (6) 

These  equations  are  solved  numerically  using  the  Gauss- 
Seidel  method,  and  the  acceleration  and  stabilization  tech¬ 
niques  that  we  adopted  in  our  2-D  model.5  The  calculation  of 
the  demagnetizing  field  was  discussed  elsewhere.10 

It  ir,  noted  that  in  Eq.  (6)  there  is  a  singularity  at  0=0; 
however,  at  this  point  the  direction  is  the  unique  polar  axis 
whatever  the  value  of  <f>.  Thus,  whenever  8  falls  below  an 
arbitrarily  chosen  small  angle,  we  let  the  program  solve  Eq. 
(5)  only  and  instead  of  solving  Eq.  (6)  we  leave  <t>  un¬ 
changed.  The  errors  introduced  are  acceptable  since  the  di¬ 
rection  is  not  sensitive  to  </>  value  around  polar  axis. 


III.  RESULTS 

Using  the  same  saturation  magnetization,  anisotropy 
constant,  and  exchange  constant  of  permalloy,  as  we  used  in 
our  previous  paper.5  we  first  considered  a  film  discretized 
into  a  single  layer  of  mesh  cubes,  i.e.,  the  thickness  of  the 
film  is  equal  to  the  thickness  of  a  cube.  Thus,  a  film  whose 
size  is  2  /amxl  /tmXlOO  nm  consisted  of  200  such  cubes. 
The  initial  state  of  the  calculation  was  taken  to  be  the  pattern 
of  two  antiparallel  domains  with  all  the  magnetization  in  the 


-*  -  /  7 

r  *  *  * 

3  * 

FIG.  2.  Projection  of  a  three-dimensional  sample  20xl0xi  on  x-y  plane. 
The  length  of  the  arrows  represents  the  in -plane  magnetization  component 


plane,  which  resulted  in  the  equilibrium  state  shown  in  Fig 
2.  The  closure  domains  formed  as  in  our  2-D  work;  however, 
at  the  center  of  the  horizontal  wall,  the  magnetization  came 
out  of  the  plane  and  formed  a  Bloch  point.  Due  to  the  abrupt 
change  of  the  magnetization  direction,  the  energy  at  this 
point  is  extremely  high.  In  the  2-D  model,  which  only  allows 
the  magnetization  to  rotate  in  the  plane,  a  vortex  appeared  in 
the  same  place.  The  size  of  the  vortex  was  reduced  so  that  it 
uid  not  affect  the  minimization  of  the  total  energy  of  the 
whole  sample  by  increasing  the  number  of  mesh  points; 
however,  this  vortex  could  not  be  completely  eliminated.  By 
comparison  of  our  2-D  and  3-D  modeling,  we  concluded  that 
the  energy  of  the  Bloch  point  was  lower  than  that  of  the 
vortex. 

The  leakage  of  the  magnetization  out  of  the  plane  was 
then  studied  for  various  saturation  magnetizations.  The  abso¬ 
lute  value  of  the  z  component  was  integrated  over  the  film  as 
a  measure  of  this  leakage.  Figure  3  shows  that  the  leakage 
decreases  rapidly,  to  avoid  the  surface  poles  with  increasing 
saturation  magnetization.  Thus,  the  2-D  approximation 
would  be  better  for  materials  with  higher  magnetic  moment. 

We  ther.  discretized  a  bulk  permalloy  material  with  di¬ 
mensions  of  2  gmx2  /imx500  nm  into  a  20x20X5  array  of 
cubes  (Fig.  4).  Again,  we  used  the  two  antiparallel  domain 
configuration  as  the  starting  point  of  the  calculation.  By 
viewing  the  inner  layer  of  the  ground  state,  shown  in  Fig.  5, 
and  the  outer  layer  shown  in  Fig.  6,  we  saw  that  the  surface 


FIG.  3.  Out-of-plane  magnetization  vs  saturation  magnetization. 
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FIG.  4.  Bulk  material. 


FIG  6.  The  outer  layer  of  the  bulk  material. 


wall  approximates  a  Neel  wall  while  the  center  it  approxi¬ 
mates  Bloch  wall.  Thus,  in  free  space  the  Bloch  wall  ha-  “ted  function  evaluations.  Since  new  recording  head  mate- 

lower  energy  than  the  Neel  wall.  rial,  such  as  Fe-Ni02,  have  larger  magnetic  moments,  the 

difference  between  2-D  and  3-D  may  not  be  important  for 
IV.  DISCUSSION  some  heads.  Thus,  2-D  model  which  computes  faster  and  has 

smaller  memory  requirements  may  still  be  adequate  in  many 
The  above  analysis  demonstrates  that  the  magnetization  circumstances;  however,  to  analyze  laminated  head  cores, 

behavior  is  always  3-D  even  in  thin  films.  Although  it  can  such  as  the  head  suggested  by  Slonczewski  in  Ref.  7  it  is  still 

get  more  accurate  results,  3-D  modeling  takes  much  more  necessary  t0  do  3_D  calculations, 
computer  time  to  compute  and  requires  more  memory  allo¬ 
cation  due  to  larger  discretization  arrays  and  more  compli- 
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FIG.  5.  The  inner  layer  of  the  bulk  material. 
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Magnetization  in  current  carrying  iron  whiskers  (abstract) 
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The  structure  deduced  for  a  (100  )  iron  whisker  carrying  a  current  along  its  axis  in  the  presence  of 
a  magnetic  field  is  shown  in  Fig.  1 .  An  analytic  model  of  the  ac  response  is  obtained  by  considering 
the  competition  of  exchange,  anisotropy  and  magnetostatic  energies.  For  the  analytic  model  the 
magnetization  is  assumed  to  point  either  along  an  easy  axis  in  the  plane  or  out  of  the  plane 
everywhere  except  in  the  walls  where  the  energies  of  the  walls  per  unit  area  are  assumed  to  be 
independent  of  field.  It  is  argued  that  the  energy  scales  with  that  of  the  central  cross  section 
subjected  to  demagnetizing  fields  that  depend  on  the  magnetization  along  the  axis  in  that  cross 
section.  The  model  is  shown  to  account  for  the  ac  susceptibility  of  a  current  carrying  whisker.  The 
calculation  is  refined  by  considering  a  pattern  that  is  divergenceless.  The  pattern  is  generated  by 
taking  the  curl  of  a  vector  potential  to  produce  the  components  in  the  plane  and  adding  a  component 
perpendicular  to  the  plane  to  conserve  the  magnitude.  The  vector  potential  has  a  single  component 
given  by  A,  =  Msq  coths/4[(l/>/2)  (q/  {a  In  [ cosh( jr/a ) cosh(y/n ) ]  })*'*  -  Af[(x/a),  (y/a)], 
where  the  parameter  q  determines  the  size  of  the  central  region  of  Fig.  1,  the  constant  a  sets  the  scale 
for  the  90°  domain  walls  between  the  four  outer  domains,  and  B  sets  the  scale  for  the  90°  domain 
wall  between  the  central  region  and  the  outer  domains.  The  term  Ac  is  added  to  turn  the 
magnetization  along  the  axis  of  the  whisker  in  each  comer  of  the  central  cross  section.  The  only 
parameter  in  Ac  is  a.  The  total  energy  is  minimized  for  parameters  q.  B,  and  a.  The  field 
dependence  of  q  accounts  for  the  magnetic  behavior. 


FIG.  1.  Magnetization  in  the  central  cross  section  of  an  iron  whisker  carry¬ 
ing  a  current. 
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We  describe  the  results  of  a  magneto-optical  study  of  a  class  of  semiconductor  heterostructures  in 
which  one  of  the  constituent  layers  is  a  diluted  magnetic  semiconductor  (DMS).  The  large  magnetic 
band  splittings  of  DMS  materials  result  in  spin-dependent  confining  potentials  for  electrons  and 
holes  which  can  be  changed  externally  by  varying  the  applied  magnetic  field.  The  modifications  in 
the  band  alignment  result  in  changes,  sometimes  dramatic,  of  the  optical  properties  in  the  vicinity 
of  the  band  gap. 


I.  INTRODUCTION 

It  is  highly  desirable  to  induce  changes  in  the  band  struc¬ 
ture  of  semiconductor  quantum  wells  via  the  application  of 
an  external  perturbation  such  as  an  electric  field.1,2  These 
changes  can  form  the  basis  of  operation  of  these  systems  as 
optical  modulators.  Even  more  dramatic  modifications  of  the 
band  alignment,  and  thus  the  strength  of  the  interband  optical 
transitions,  can  be  achieved  in  semiconductor  heterostruc¬ 
tures  which  consist  of  alternating  nonmagnetic  and  magnetic 
(DMS)  11- VI  materials.  When  a  fraction  of  the  group  11  cat¬ 
ion  in  a  II— VI  semiconductor  (such  as  ZnSe,  CdTe,  etc.)  is 
randomly  substituted  by  a  transition  metal  ion  (such  as  Fe+2, 
Mn+2,  Co+2,  etc.)  the  resulting  alloy  is  known  as  a  diluted 
magnetic  semiconductor  (DMS).3  The  most  dramatic  differ¬ 
ence  between  the  parent  nonmagnetic  II— VI  compound  and 
the  corresponding  DMS  material  is  the  very  large  spin  split¬ 
ting  (several  meV)  in  the  conduction  and  valence  band  of  the 
latter.  The  splittings  which  are  due  to  an  exchange  interaction 
between  the  spins  of  the  electrons  and  those  of  the  transition 
metal  ions  form  the  basis  of  the  spin-dependent  confining 
potentials  for  the  carriers  in  structures  that  incorporate  DMS 
layers. 

In  this  paper  we  present  the  results  of  a  magneto-optical 
study  of  two  types  of  ZnSe-based  heterostructures:  The  first 
group  consists  of  ZnSe/Zn0<)Feo.|Se  quantum  wells;  in  this 
system  the  confinement  of  heavy  holes  (j= 3/2)  is  controlled 
by  the  externally  applied  magnetic  field.  The  second  system 
is  ZnSe/Zno99Fe001Se  heterostructures  (also  known  as  “spin 
superlattices”)  in  which  the  confinement  of  the  heavy  holes 
as  well  as  that  of  the  electrons  can  be  tuned  by  varying  the 
magnetic  field.  The  experimental  results  are  modeled  using  a 
variational  calculation  that  describes  systems  with  zero  or 
very  weak  confinement. 


“Present  address:  Physics  Department,  Emory  University.  AUanta,  GA 
30322. 


II.  EXPERIMENTAL 

The  samples  were  grown  by  molecular-beam  epitaxy 
(MBE)  from  elemental  Knudsen  cell-style  sources  of  Zn,  Se, 
and  Fe  on  GaAs  (001 )  semi-insulating  device  grade  wafers. 
The  substrate  surface  exhibited  a  well-ordered  4x3  recon¬ 
struction  as  observed  by  reflection  high-energy  electron  dif¬ 
fraction  (RHEED)  with  the  shuttered  Se  source  at  operating 
temperature.  All  samples  were  grown  in  (001)  orientation  at 
a  substrate  temperature  of  300  °C  and  growth  rates  of  20-40 
A/min,  with  a  Se.Zn  beam  equivalent  pressure  ratio  >2:1. 
RHEED  was  used  to  monitor  the  growth,  and  showed  a  well- 
ordered  2X1  surface  reconstruction.  The  thickness  and  com¬ 
position  of  the  samples  were  confirmed  by  x-ray  fluores¬ 
cence  following  growth.  Some  relevant  parameters  of  the 
samples  used  in  this  work  are  listed  in  Table  I.  The  magnetic 
spin  splitting  of  the  excitons  in  these  structures  was  studied 


TABLE  I.  Sample  parameters. 


Sample 

ZnSe  layer 
thickness 

(A) 

Zn^FejSe 

layer 

thickness 

(A) 

X 

Structure 

type 

J 

100 

100 

0.1 

Single 

quantum 

well 

2 

150 

100 

0.1 

Single 

quantum 

well 

3 

200 

100 

0.1 

Single 

quantum 

well 

4 

100 

100 

0.01 

Single 

quantum 

well 

5 

96 

% 

0.01 

Multiple 

quantum 

well 
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PHOTON  ENERGY  (eV) 

FIG.  1.  Zero-field  reflectance  derivative  spectrum  ( dRldE )  from  sample  1. 
Features  (i)  and  (il>  are  identified  as  the  heavy-  and  light-hole  excitons, 
respectively. 

using  direct  magnetoreflectance  spectroscopy.  A  monochro- 
j  matic  beam,  produced  by  the  combination  of  a  250-W 

tungsten-halogen  lamp  and  a  grating  spectrometer,  was  re- 
j  fleeted  from  the  sample  surface.  The  intensity  of  the  reflected 

beam  was  synchronously  detected  by  a  photomultiplier  tube. 
!  The  spectra  were  stored  on  disk  and  derivative  spectra  were 

'  taken  numerically.  The  samples  were  placed  in  an  optical 

cryostat  equipped  with  an  8-T  superconducting  coil. 

III.  RESULTS  AND  DISCUSSIONS 

Our  samples  fall  into  two  broad  categories:  The  first 
class  consists  of  ZnSe/Zn0  9Fe0  tSe  quantum  wells  in  which 
the  heavy-hole  (j  =3/2)  confinement  is  controlled  by  the  ex¬ 
ternally  applied  magnetic  field.  The  second  type  are 
ZnSe/Zno^Feo  ^Se  structures  where  both  the  electron  and 
hole  confinement  depends  on  magnetic  field. 

A.  ZnSe/ZiVjFeo  ,  S«  quantum  walls 

The  zero-field  reflectance  derivative  spectrum  from 
sample  1  is  shown  in  Fig.  1.  It  contains  two  features  marked 
(i)  and  (ii)  at  2.811  and  2.825  eV.  They  are  identified  as  the 
heavy-  (/= 3/2)  and  light-  (j  =  1/2)  hole  excitons,  respec¬ 
tively.  All  the  structures  discussed  in  this  paper  were  grown 
on  GaAs  substrates  with  a  total  thickness  below  the  critical 
value  for  which  the  strain  imposed  by  the  thick  substrate  can 
be  released  via  the  formation  of  dislocations.  The  compres¬ 
sive  strain  removes  the  heavy-light  hole  degeneracy  at  the 
Brillouin  zone  center  and  is  responsible  for  the  splitting  of 
the  corresponding  excitons.  A  schematic  diagram  of  the  zero- 
field  band  alignment  of  a  ZoSe/Zn^Fe,,  jSe  quantum  well 
structure  is  shown  in  Fig.  2(a).  Most  of  the  offset  appears  in 
the  conduction  band,  while  the  valence  band  offset  is  small. 
In  Fig.  2(a)  the  heavy-hole  offset  is  shown  to  be  zero  for 
simplicity.  The  exact  band  offset  values  will  be  discussed 
later.  When  a  magnetic  field  is  applied  along  the  growth  axis, 
the  ZnosFeo  ,Se  layers  exhibit  large  band  splittings  which  are 
characteristic  of  DMS  materials.  The  ZnSe  layers  on  the 
t  other  hand  have  a  negligible  splitting.  The  relative  positions 

of  the  ntj  =  - 1/2  {m=  +  \!2)  conduction  and  m;  =  -  3/2 
(m;=+3/2)  heavy-hole  bands  in  the  presence  of  a  magnetic 
field  are  shown  in  Fig.  2(b)  [Fig.  2(c)].  The  zero-field  con¬ 
duction  band  offset  is  large  enough  so  that  the  externally 
applied  field  only  modifies  the  electron  confinement;  the 
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(a)H=0  lb)HXQ  lc)H*0 


FIG.  2.  Schematic  diagram  of  the  conduction  and  valence  band  alignment  in 
ZnSe/ZnoaFcojSe  quantum  well  structures  (a)  0;  (b)  H* 0,  m, -  -  1/2 

electrons,  m,=  -3/2  holes;  (c)  H* 0,  «,  =  + 1/2  electrons,  at,  =  +3/2  boles. 
The  dot-dashed  lines  indicate  the  allowed  heavy- hole  exaton  transitions  in 
the  Faraday  geometry. 


electron  potential  increases  for  the  =  + 1/2  and  decreases 
for  the  /n.  =  — 1/2  spin  state.  In  both  cases  the  electrons  re¬ 
main  confined  in  the  ZnSe  wells.  The  situation  for  the  j = 3/2 
heavy-hole  band  is  quite  different.  The  zero-field  offset  in 
this  case  is  small  and  is  overwhelmed  by  the  large  magnetic 
spin  splitting  of  the  heavy-hole  band.  As  a  result,  the  con¬ 
finement  of  the  m;  =  ± 3/2  holes  is  controlled  by  the  applied 
field.  The  m  —  - 3/2  holes  are  confined  in  the  ZnoqFeo  iSe 
layers  while  the  mt  =  +  3/2  holes  are  localized  in  the  ZnSe 
wells.  The  energy  of  the  <r+  (—1/2,  -3/2)  exciton  component 
exhibits  a  large  red  shift  as  function  of  a  magnetic  field  H 
while  that  of  the  a.  (+1/2, +3/2)  component  is  almost  field 
independent  for  H >2  T.  Here  the  first  (second)  number  in 
the  parentheses  gives  the  magnetic  quantum  number  m j  of 
the  electron  (hole).  The  pronounced  asymmetry  of  the  heavy- 
hole  exciton  spin  splitting  is  illustrated  in  Fig.  3  for  sample  1 
(circles),  sample  2  (diamonds),  and  sample  3  (triangles).  The 
<r,  and  cr_  excitonic  transitions  are  indicated  by  the  dot- 


H  (Tesla) 


FIG.  3.  Energy  shifts  of  the  a*.  and  <r_  heavy-bole  exciton  components 
plotted  vs  magnetic  held  for  samples  1,  2,  and  3.  Circles:  sample  1;  dia¬ 
monds:  sample  2;  triangles:  sample  3. 
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The  Hamiltonian  of  the  exciton  is  given  by  the  expres- 


FIG.  4.  Intensity  ratio  /(<r+)//(<r_)  of  the  lower  and  upper  heavy-hole 
exciton  spin  components  plotted  as  a  function  of  applied  magnetic  held  for 
samples  1,  2,  and  3. 


dashed  line;  in  Figs.  2(b)  and  2(c),  respectively.  The  <r_ 
transitions  involve  electrons  (m(  =  +  l/2)  and  holes 
(m;  =  +3/2)  which  are  confined  in  the  ZnSe  wells,  i.e.,  they 
are  spatially  direct  (type  f).  The  tr+  component  on  the  other 
hand  is  spatially  indirect  (type  II)  because  it  involves  the 
m)=- 1/2  electrons  which  are  confined  in  the  ZnSe  wells 
and  the  mt = -3/2  holes  that  are  localized  in  the  Zn<,,Fe0  iSe 
barriers.  The  intensity  ratio  /(<r+)//(<r_)  of  the  lower  to  the 
upper  exciton  component  dependence  is  plotted  vs  magnetic 
field  in  Fig.  4.  The  ratio  drops  monotonically  with  H  and 
saturates  at  a  value  which  decreases  with  increasing  ZnSe 
well  width.  The  latter  represents  the  average  electron-hole 
separation  for  the  <r+  component.  The  type-I— >type-U  field 
induced  transition  for  the  lower  <r+  exciton  component4,5  has 
been  observed  in  ZnSe/ZnMnSe6  and  CdTe/CdMnTe7  quan¬ 
tum  wells.  The  work  of  Refs.  6  and  7  confirmed  that  there  is 
nothing  special  about  the  ZnSe/ZnFeSe  system  and  that  the 
external  control  of  the  hole  confinement  is  connected  with 
the  general  properties  of  the  DMS  layers.  Further  confirma¬ 
tion  came  from  studies  of  the  magnetic  field  value  H0  at 
which  the  a  component  becomes  nonmagnetic  as  a  function 
of  temperature  in  ZnSe/ZnFeSe8  and  CdTe/CdMnTe9  quan¬ 
tum  wells.  In  both  studies  H0  increases  with  increasing  T 
because  the  DMS  layer  magnetization,  and  thus  the  band 
splittings,  decrease. 

The  above  discussion  is  rather  oversimplified  and  in¬ 
complete  because  it  does  not  take  into  account  the  electron- 
hole  Coulomb  attraction  responsible  for  the  formation  of  the 
exciton.  Below  we  describe  a  variational  calculation  suitable 
for  the  modeling  of  excitons  in  systems  with  zero  or  very 
weak  confinement. 


sion 


2  2  „Z,_2 

Pzi  (  Pd,  |  P,+Py 
2m,  2mh  2p 


--+Vt+Vk. 


(1) 


Here  m, ,  r, ,  and  p2,  are  the  electron  effective  mass,  the 
position  vector,  and  momentum  component  in  the  direction 
perpendicular  to  the  layers  (z  axis).  Similarly,  ,  r* ,  and 
p!k  are  the  corresponding  symbols  for  the  j  =3/2  hole; 
r=re-r*  is  the  relative  electron-hole  displacement,  p  is  the 
electron-hole  reduced  mass  in  the  xy  plane,  and  <  is  the 
dielectric  constant.  V,(z,)  and  V*(z»)  are  the  electron  and 
hole  confining  potentials  due  to  the  band  offset.  Both  func¬ 
tions  depend  strongly  on  magnetic  field.  The  variational 
wave  function  which  is  used  to  describe  the  exciton  has  the 
form 


t(f=<pe(z,)#i/,(zs)<p,»(zt-z*,r1).  (2) 

We  choose  y>,Aaexp(  -  r/Xu0),  where  X  is  a  variational  pa¬ 
rameter  and  a  0  is  the  bulk  exciton  Bohr  radius.  The  chosen 
form  of  ipth  is  appropriate  for  the  situation  where  the  electron 
and  hole  confining  potentials  are  shallow  and  ensures  that  the 
solution  extrapolates  correctly  to  the  bulk  limit  when  Ve  and 
Vh  vanish.  For  a  particular  value  of  X  it  is  possible  to  deter¬ 
mine  a  self-consistent  set  of  functions  <pr(zt)  and  yy,(z«) 
which  minimize  the  exciton  energy  using  an  iterative 
method.  We  start  with  a  trial  electron  wave  function  <ple 
which  can  be  chosen  as  the  single  particle  ground  state  wave 
function  for  the  potential  V, .  The  hole  wave  function  ipth  is 
then  found  by  numerically  solving  the  equation 

<<Pir'Pr/i|W|<pltipr*>(p1*  =  <(ipuy>,j£|y>lr<pf*>v,(l .  (3) 

The  function  <plh  minimizes  the  overall  exciton  energy  for  a 
particular  value  of  X.  To  improve  the  estimate  of  the  exci- 
tonic  energy  a  new  electron  wave  function  i pjr  is  calculated 
using  y>IA  by  numerically  solving  the  equation 

(<r\h<P'k\HW\h<P'h)<Pi'=(‘Pih<P'h\EWu,<Pth)<P2'-  W 

The  procedure  is  repeated  until  a  close  enough  convergence 
is  obtained.  In  most  situations  four  to  five  iterations  were 
sufficient.  Physically  the  iteration  is  analogous  to  a  process 
of  mutual  adjustment  where  the  hole  minimizes  the  exciton 
energy  E  by  adjusting  to  the  presence  of  the  electron;  then 
the  election  minimizes  E  by  adjusting  to  the  hole-induced 
potential,  and  the  process  continues  until  a  self-consistent 
energy  minimum  is  obtained  for  a  given  value  of  X.  The 
parameter  X  is  then  varied  to  find  the  overall  energy  mini¬ 
mum.  The  results  of  the  variational  calculation  for  samples  1, 
2,  and  3  are  shown  in  Fig.  3  using  the  solid  lines.  The  fitting 
parameter  is  the  conduction  and  valence  band  offset  ratio. 
The  best  fit  was  obtained  with  zero-field  offsets  of  20  and 
—12.5  meV  for  the  conduction  and  valence  band,  respec¬ 
tively.  This  means  that  the  band  alignment  is  weakly  type  II, 
but  the  exciton  binding  energy  is  large  enough  so  that  both 
electron  and  hole  wave  functions  are  mainly  in  the  ZnSe 
wells  and  the  exciton  itself  is  type  I  in  character.  As  the 
magnetic  field  increases  the  Coulomb  attraction  can  keep  the 
exciton  together  for  small  valence  band  splittings.  At  high 
enough  magnetic  field  the  <r+  exciton  component  is  literally 
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(i)H-O  (b)H*0  (c)H*0 


FIG.  5.  Schematic  diagram  of  the  conduction  and  valence  band  alignment  in 
ZnSc/ZoawFco^Se  spin  superlattices,  (a)  H  =0;  (b)  0,  «,*- 1/2  elec¬ 

trons,  -3/2  boles;  (c)  H* 0,  /*  ^ =  + 1/2  electrons,  «iy“+3/2  coles.  The 
vertical  dot-dashed  lines  represent  the  allowed  hcavy-hole  exciton  transi¬ 
tions  in  the  Faraday  geometry. 


pulled  apart  and  the  transition  becomes  type  II.  The  results  of 
the  calculation  for  the  intensity  ratio  /(o-+)//(<r_)  for 
samples  1,  2,  and  3  are  shown  in  Fig.  4  using  solid  lines.  The 
dashed  lines  represent  a  fit  to  the  data  assuming  that  each 
well  is  25  A  narrower  than  its  nominal  value  in  order  to 
show  the  sensitivity  of  the  fit  to  the  well  width.  The  intensity 
ratios  were  found  to  be  quite  sensitive  to  the  conduction 
band  offset.  Conduction  and  valence  band  offsets  of  27  and 
—9  meV  were  obtained  from  the  fit  of  Fig.  4.  The  variational 
calculation  yields  an  interesting  result  for  the  lower  type-II 
<r+  exciton  component.  In  addition  to  the  type-I!  exciton 
wave  function  which  exhibits  an  absolute  energy  minimum, 
the  calculation  also  yields  a  metastable  excitonic  state  asso¬ 
ciated  with  a  shallower  local  energy  minimum.  The  wave 
function  of  the  latter  is  more  bulk-like  with  the  electron  and 
hole  both  confined  in  the  ZnSe  layers. 

B.  ZriSayZno.wFdo.orSe  spin  superlattices 

More  than  ten  years  ago  von  Ortenberg10  theoretically 
described  a  system  which  consists  of  alternating  magnetic 
and  nonmagnetic  layers  that  have  approximately  the  same 
band  gap.  The  first  such  system  to  be  studied  consisted  of 
ZnSe/Zno.wFeo.oiSe  quantum  well  structures.11'12  The  zero- 
field  band  alignment  of  these  structures  for  which  von  Orten¬ 
berg  introduced  the  term  spin  superlattice  is  shown  in  Fig. 
5(a).  The  conduction  and  valence  band  offsets  are  approxi¬ 
mately  equal  to  zero  and  the  confinement  of  both  electrons 
and  holes  is  controlled  by  the  magnetic  splittings  of  the  DMS 
layers.  The  band  alignment  for  the  my=-l/2  (m;=  +  l/2) 
electrons  and  the  mt-—3/2  (m(  =  +  3/2)  holes  is  shown  in 
Fig.  5(b)  [Fig.  5(c)].  The  spin-dependent  confining  potentials 
are  such  that  they  localize  the  mt-  + 1/2  (m;  =  — 1/2)  elec¬ 
trons  and  the  /»,=  +3/2  (m^ -3/2)  holes  in  the  ZnSe 
(Zno  wFeo.01Se)  layers.  In  this  system  we  have  spatial  segre¬ 
gation  of  the  carriers  according  to  their  spin  state.  The  cor¬ 
responding  o+  (  — 1/2,— 3/2)  and  a _  (+ 1/2, +3/2)  transitions 
are  indicated  in  Figs.  5(b)  and  5(c)  using  vertical  dot-dashed 
lines.  The  elections  and  holes  involved  in  the  lower  <r+  (up¬ 
per  o-_)  transitions  are  confined  in  the  DMS  (ZnSe)  layers. 
As  a  result,  the  energy  of  the  lower  exciton  component  ex¬ 
hibits  the  characteristic  red  shift  as  function  of  nagnetic 
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FIG.  6.  Energy  shifts  of  the  heavy-bole  exciton  components  of  sample  4 
plotted  vs  magnetic  field. 

field,  while  the  upper  component  shows  a  nonmagnetic  be¬ 
havior.  The  energy  shifts  of  the  heavy-hole  exciton  compo¬ 
nents  for  sample  4  are  plotted  as  a  function  of  applied  field  in 
Fig.  6.  The  solid  line  represents  the  results  of  a  variational 
calculation  which  yields  conduction  and  valence  band  offsets 
of  5  and  0  meV,  respectively.  The  large  asymmetry  of  the 
exciton  components  of  spin  superlattices  is  similar  to  that 
observed  in  the  ZnSe/Znp^e,)  ,Se  structures  discussed  in  the 
previous  section.  What  differentiates  the  former  from  the  lat¬ 
ter  heterostructures  is  the  fact  that  both  exciton  components 
of  a  spin  superlattice  are  type  I  and  thus  have  comparable 
intensity.  As  a  matter  of  fact  this  property  constitutes  the 


FIG.  7.  1.  ensity  ratio  /(<7.)  /((T  )  of  the  tower  and  upper  heavy-hole 
exciton  sp  n  components  of  sample  4  plotted  as  a  function  of  applied  mag¬ 
netic  field. 
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“ signature”  of  a  spin  superlattice.11'12  The  intensity  ratio 
I(cr  + )// ( tr  _ )  for  sample  4  is  piotted  in  Fig.  7  as  a  function 
of  applied  magnetic  field.  The  ratio  increases  initially  for  low 
field  values  and  then  saturates  at  a  value  close  to  unity.  Spin 
superlattice  behavior  has  also  been  observed  in  ZnSe/ 
ZnMnSe  structures.13'14  More  recently  spin  superlattices  of 
the  form  ZnMnSe/ZnFeSe  which  incorporate  two  different 
ty  pes  of  DMS  materials  have  been  reported.15 

IV.  CONCLUSIONS 

We  have  discussed  the  results  of  a  magneto-optical  study 
of  semiconductor  heterostructures  which  have  the  form 
ZnSe/Zn, _  ,Fe,Se  grown  by  molecular  beam  epitaxy  (MBE). 
The  large  spin  splittings  of  the  Zn,_xFexSe  layers  produced 
by  an  external  magnetic  field  H  create  spin-dependent  poten¬ 
tials  that  can  be  modified  continuously  by  changing  H.  De¬ 
pending  on  the  zero-field  band  offset  and  its  distribution 
among  the  conduction  and  the  valence  bands  we  can  have  a 
system  in  which  both  electron  and  hole  confinement  depend 
on  H  (x —0.01 }  or  one  in  which  the  external  field  controls 
only  the  hole  confinement  (x=0.1).  Excitons  in  both  types  of 
structures  have  been  modeled  using  a  variational  calculation 
v.  inch  describes  systems  that  have  zero  or  very  weak  con¬ 
finement.  The  model  yields  exciton  energies,  wave  functions, 
and  transition  probabilities  that  quantitatively  describe  the 
magneto-optical  properties  of  these  novel  systems. 
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Optical  transitions  in  (ZnCo)Se  and  (ZnFe)Se:  Role  of  an  effective 
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la  this  paper  we  discuss  photolumioesceoce  (PL)  and  Raman  excitations  in  the  diluted  magnetic 
semiconductors  Zn,  _,Co,Se  and  Zn,  _,Fe,Se.  The  PL  spectra  associated  with  isolated  crystal  field 
d  levels  are  found  to  rapidly  weaken  and/or  broaden  as  the  transition  metal  ion  concentration 
approaches  and  increases  beyond  a  critical  value.  In  addition  a  Raman  continuum,  that  overlaps  with 
the  optical  phonon,  is  observed  to  develop  when  the  PL  features  are  modified.  In  the  corresponding 
Zn1_rCoISe  samples  the  optical  phonons  acquire  a  characteristic  Fano  line  shape  suggestive  of  its 
coupling  to  the  Raman  continuum.  It  is  proposed  that  these  changes  to  the  optical  transitions  arise 
from  the  enhancement  of  an  effective  p-d  hybridization  between  low-lying  d  levels  and  band 
electrons  with  increasing  x — an  effect  largely  due  to  the  proximity  of  the  Co2+  and  Fe2+  crystal  field 
ground  levels  to  the  valence  band  maximum. 


I.  INTRODUCTION 

Diluted  magnetic  semiconductors  (DMS),  which  are 
typically  solid  solutions  formed  by  alloying  a  nonmagnetic 
semiconductor  compound  with  a  3 d  transition  metal  ion, 
have  attracted  much  attention  in  the  recent  past.1"2  Among 
their  interesting  properties  are  pronounced  magneto-optic 
and  magneto-transport  behavior  whose  source  is  the  ex¬ 
change  interaction  between  the  host  carriers  and  substitu¬ 
tional  magnetic  ions.  Such  interactions  also  play  a  major  role 
in  the  magnetic  properties  of  other  insulating  transition-metal 
and  rare-earth  compounds  that  exhibit  localized  moments. 
For  instance,  the  character  of  the  magnetic  order  of  these 
substances  and  their  related  ordering  temperatures  are  deter¬ 
mined  by  various  exchange  and  superexchange  mechanisms. 
Enhancements  in  the  exchange  interactions,  achieved,  e.g., 
through  doping  or  hydrostatic  pressure,  can  result  in  delocal¬ 
ization  of  the  tightly  bound  d  or  /  electronic  wave  function 
and  thus  to  dramatic  changes  to  their  electronic,  magnetic,  or 
optical  properties.  It  is  well  known  from  rare-earth  and  ac¬ 
tinide  physics  that  if  the  band  hybridization  becomes  large, 
the  impurity  level  very  rapidly  loses  its  localized  nature  and 
becomes  extended.3-5  For  example,  the  low-temperature  spe¬ 
cific  heat  of  UAs,  _,Sb,  is  found  to  be  extremely  sensitive  to 
subtle  changes  in  the  5/  conduction  band  hybridization,3 
while  modifications  in  the  hybridization  on  going  from  UPt3 
to  UPd3  dramatically  affects  the  XPS  spectrum.4  Another  ex¬ 
ample  of  the  importance  of  exchange  couplings  is  the  obser¬ 
vation  of  pressure-induced  metallization  accompanied  by  the 
spontaneous  collapse  of  magnetic  order  in  Nil2  that  has  been 
accounted  for  in  terms  of  the  hybridization  between  the  5 p 
iodine  band  and  the  nickel  3 d  states,6  which  lie  just  above 
the  5 p  band  maximum. 

In  this  paper  we  focus  on  the  optical  and  vibrational 
properties  of  the  DMSs  Zn,  _JCoISe  and  Zn,  _,Fe,Se,  where 
significantly  larger  sp-d  and  d-d  exchange  interactions  are 
found  relative  to  their  more  widely  studied  Mn  counterpart.7 
Introduction  of  Fe  and  Co  to  the  ZnSe  lattice  is  a  relatively 
recent  advance8  and  it  has  been  demonstrated  that  up  to  10% 


Co  and  100%  Fe  can  be  incorporated  into  ZnSe.  As  the  3 d 
ion  concentration  increases  we  find  dramatic  changes  in  the 
optical  emission  spectra  associated  with  isolated  crystal  field 
(CF)  split  3d  levels.  As  x  increases,  in!ra-3d-ion  transitions 
within  the  CF  manifold  weaken  and/or  broaden  rather  rap¬ 
idly  beyond  a  critical  concentration.  It  is  proposed1*  that  the 
increase  in  the  transition  metal  ion  concentration  leads  to  an 
increase  in  the  p-d  hybridization  between  low-lying  CF  d 
levels  and  the  band  electrons.  The  hybridization  effects  are 
more  pronounced  in  (ZnCo)Se  where  the  ground  Co'*CF 
ground  state  is  only  0.25  eV  above  the  host  valence  band 
maximum.  Concomitant  with  the  broadening  of  the  optical 
transitions,  we  observe  a  Raman  continuum  that  overlaps 
with  the  longitudinal  optical  phonon  which  acquires  an 
asymmetric  line  shape.  The  continuum  likely  arises  from  in¬ 
traband  excitations  within  the  newly  formed  impurity  band 
while  the  renormalization  of  the  phonon  self-energy  indi¬ 
cates  a  continuum-phonon  coupling. 

II.  EXPERIMENTAL  DETAILS 

The  Zn,  .^Co^Se  and  Zn,  _,FerSe  samples  were  single- 
crystal  epilayers  grown  by  molecular-beam  epitaxy  (MBE) 
on  (001)  GaAs  substrates  and  were  all  stabilized  in  the  zinc 
blende  phase.10  The  Co  and  Fe  concentrations  were  deter¬ 
mined  through  x-ray  fluorescence.  The  epilayer  thickness 
ranged  from  about  0.25  to  2.6  pm  with  x  <0.094  for  Co  and 
about  0.04  to  2  pm  with  0<x<0.75  for  Fe.  The  Co-doped 
films  with  x^0.03  were  all  of  the  order  of  0.25-pm  thick 
while  the  Zn,^Fe,Se  films  with  x>0.3  were  about  1000-A 
thick.  X-ray  double  crystal  rocking  curve  linewidths  for 
Zni-jCOjSe  films  thinner  than  0.3  pm  are  found  to  be  sig¬ 
nificantly  narrower  than  those  of  the  thicker  samples,  par¬ 
ticularly  for  the  higher  concentrations.8  The  thinner  films 
therefore  accommodate  the  lattice  mismatch  via  strain  and 
hence  do  not  support  a  significant  density  of  misfit  disloca¬ 
tions.  The  thicker  films,  which  were  of  lower  Co  and  Fe 
concentrations,  had  a  smaller  lattice  mismatch  strain  and 
therefore  also  displayed  relatively  narrow  x-ray  double  rock- 
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ing  curves.  Further  these  data  showed  that  there  were  do 
abrupt  changes  in  the  microscopic  quality  of  the  films  used 
in  this  study  with  increasing  Co  and  Fe  concentrations.  The 
photoluminescence  (PL)  and  Raman  spectra  were  excited 
and  recorded  in  backscattering  using  about  100-mW  incident 
power  using  the  457-,  488-,  5 14-,  and  530-nm  laser  lines 
from  an  Ar-kra  laser.  Standard  four  terminal  Hall  measure¬ 
ments  showed  that  all  epilayers  were  highly  resistive  with 
nominal  macroscopic  carrier  concentration  below  10' 14 

__-3 

cm 

IH.  EXPERIMENTAL  RESULTS 

Figure  1  shows  PL  and  Raman  spectra  at  10  K  in  the 
vicinity  of  the  intra-Co  ion  transitions  in  Zn, _xCoxSe.  In  the 
absence  of  Co,  i.e.,  nominally  pure  ZnSe,  luminescence 
bands  centered  at  2.60  (Y),  2.57  (Y-LO),  2.53  (S„),  2.24 
(SA|),  2.09  (SAj),  and  1.92  eV  (SA3)  are  observed  when 
excited  at  457.9  nm.  Since  the  excitation  energy  is  less  than 
the  band  gap,  band-edge  PL  is  not  observed.  With  the  addi¬ 
tion  of  Co,  the  emission  from  ZnSe  is  quenched  and  three 
luminesecence  bands  labeled  I,  II,  and  m  are  evident  with  a 
strong,  very  sharp  (0.37-meV)  zero-phonon  line  L  at  2.361 
eV.  The  structure  on  the  low-energy  side  of  L  has  been 
shown,11  for  *<0.01,  to  approximately  replicate  the  phonon 
density  of  states  of  ZnSe.  Luminescence  II  and  III  at  1.82 
and  1.62  eV  are  relatively  broad  with  a  full  width  at  half¬ 
maximum  (FWHM)  of  —60  meV  that  is  hence  much  laiger 
than  that  of  peak  L . 

As  the  Co  concentration  increases  to  3.7%,  PL  I  and  II 
weaken  drastically  and  are  not  evident  beyond  x  =0.037. 
While  some  emission  associated  with  band  III  is  similarly 
reduced,  a  few  weak  peaks  associated  with  band  III  remain 
relatively  sharp  until  x—0.09.  Concomitant  with  the  weaken¬ 
ing  and  broadening  of  the  main  PL  bands  at  x  =0.037,  a 
broad  peak  emerges.  This  broad  excitation  has  a  significant 
Raman  component  and  likely  also  includes  contributions 
from  photoluminescence.  The  estimated  inelastic  scattering, 
shown  as  hatched  regions  in  Fig.  1,  overlaps  with  the  optical 
phonon  P.  The  Raman  component  of  this  broad  excitation  is 
confirmed  by  its  observation  at  457.9-,  488.0-,  and  514.5-nm 
exciting  radiation  as  shown  in  the  top  of  Fig.  1.  Figure  2 
further  illustrates  the  Raman  nature  of  the  excitation  for  the 
x=3.7%  film.  In  this  case  Fig.  2  shows  the  peak  of  the  broad 
Raman  excitation  around  1900  cm'1  when  excited  at  four 
different  laser  wavelengths  of  457,  488,  514,  and  530  nm. 
The  continuum  extends  to  low  energies  and  overlaps  with  the 
optical  phonon  P  around  260  cm-1. 

Figure  3  shows  PL  and  Raman  spectra  of  Zn,  _,FeJSe. 
For  x*s0.22,  the  main  feature  is  a  peak  at  —1.89  eV  with  a 
FWHM— 70  meV.  For  *3=0.22,  this  PL  broadens  and  the 
peak  position  shifts  to  1.94  eV  and  FWHM— 150  meV  at 
x=0.34;  as  *  increases  further  this  emission  weakens  and 
continues  to  broaden.  A  broad  Raman  mode  is  observed  be¬ 
yond  *=0.34  that  displays  characteristics  similar  to  the  con¬ 
tinuum  observed  in  the  Co-doped  samples.  These  common 
features  include  the  general  location  of  the  continuum  peak 
position,  its  width,  and  appearance  only  when  the  PLs  asso¬ 
ciated  with  the  3  d  ions  begin  to  broaden.  The  most  striking 
difference  between  the  continua  in  the  two  series  of  samples 


FIG.  1.  Pbotolununescence  (PL)  and  Raman  spectra  at  10  K  (rent 
Zn,_,Co,Se  films  for  *  up  to  0.094.  All  spectra,  except  the  top  two,  were 
recorded  with  4379  nm  excitation  wavelength.  Features  labeled  I,  II,  and  III 
identify  PL.  with  peak  L  being  the  strongest  emission  for  the  lowet  Co 
concentrations.  The  hatched  regions  for  *>0.037  highlight  the  estimated 
continuum  of  Raman  excitations,  while  the  sharp  peaks  P  are  first-order 
Raman  phonons.  The  peak  identified  by  the  arrow  in  the  4«8.0-rrm  spectrum 
is  impurity  related. 

is  that  it  turns  on  only  at  a  much  higher  Fe  concentration 
(*—0.3)  in  comparison  to  that  for  Co  (*— 0.03)  doping. 

Polarized  and  depolarized  Raman  spectra  excited  at  514 
nm  in  the  vicinity  of  the  optical-phonon  frequencies  of  ZnSe 
and  several  Zd,  _xCo,Se  (*<0.094)  films  and  two 
Zn,  _xFexSe  (*=0.08  and  0.22)  epilayers  are  shown  in  Fig. 
4.  The  solid  lines  are  fits  to  the  data  based  on  the  Fano 
analysis12  for  a  continuum-discrete  excitation  coupling.  In 
the  depolarized  geometry  z(xy)z,  where  z|(00l],  y||[010], 
and  *|(100],  the  optical  phonon  (LO,)  in  ZnSe  is  Raman 
allowed  and  observed  as  a  symmetric  peak  and  remains  sym¬ 
metric  up  to  the  highest  Co  concentration  (*=0.094).  As 
illustrated  in  the  top  of  Fig.  4(a),  the  corresponding  phonon 
in  Zn,  _,Fe,Se  also  remains  symmetric  for  xs0.22.  In  addi¬ 
tion  to  LO]  a  weak  peak,  labeled  L02,  arises  from  the  mixed 
mode  behavior  of  tire  Zb,  _xCoxSe  alloy.  It  is  identified  by  an 
arrow  in  Fig.  4.  In  agreement  with  previous  work,13  L02 
occurs  at  a  slightly  lower  frequency  in  Zn,  xFexSe  in  com¬ 
parison  to  its  value  in  Zn,_xCoxSe. 

In  the  polarized  geometry  z(xx)z,  the  LO  phonon  in 
ZnSe  is  Raman  forbidden  and  not  observed.  At  *=0.7%  a 
symmetric  peak  is  observed  in  this  scattering  geometry  at  the 
LO,  phonon  frequency  of  Zn,  _xCoxSe  [Fig.  4(b)].  As  *  in- 
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FIG.  2.  Spectra  recorded  at  10  K  from  Zn,  _,Co,Se  tx=0.037 )  showing 
resonant  Raman  character  of  continuum.  Four  different  excitation  wave¬ 
lengths  4^=457.9,  488.0,  514.5,  and  530.9  tun  were  utilized.  The  base  line 
for  the  spectra  recorded  at  457.9  nm  is  indicated  by  the  horizontal  line  on 
the  right-hand  side  while  that  for  the  other  three  spectra  is  the  x  axis.  The 
peak  in  the  Raman  continuum  is  around  1900  cm-1  as  indicated  by  the 
dotted  line. 


creases  to  3.7%  the  line  shape  of  LO,  becomes  strongly 
skewed  on  the  low-energy  side  and  its  peak  position  down 
shifted  by  ~1  cm'1  relative  to  that  for  depolarized  scatter¬ 
ing.  Beyond  x=3.7%  the  asymmetry  of  LX),  in  polarized 
scattering  continues  to  be  present  to  the  highest  Co  concen¬ 
trations  utilized  in  our  study.  In  fitting  the  z(xx)z  spectra,  the 
linewidth  and  frequency  characterizing  the  Lorentzian  profile 
of  L02  that  may  emerge  in  Fig.  4(b)  was  directly  determined 
from  corresponding  fits  to  depolarized  spectra.  In  addition, 
the  intensity  of  the  contribution  of  peak  L02  (which  is  over 
an  order  of  magnitude  weaker  than  LO!)  to  z(xx)z  was  de¬ 
duced  by  scaling  the  intensity  ratio  Iu^/Zlo,  in  the  z(xy)z 
spectrum  to  the  LO,  intensity  in  the  polarized  spectrum. 
Thus  the  parameters  required  for  fitting  the  contributions  of 
L02  to  Fig.  4(b)  were  known.  It  was  found  that  no  satisfac¬ 
tory  fits  to  the  data  of  Fig.  4(b)  from  Zn,_xCoxSe  (x>0.03) 
were  obtained  with  a  Lorentzian  description  of  LO]  in  the 
polarized  spectrum.  Mode  LO,  in  the  polarized  Raman  spec¬ 
tra  from  Zn,  _xFexSe  remains  symmetric  with  no  frequency 
difference  from  that  in  the  z(xy)z  geometry  up  to  x=0.22. 

IV.  DISCUSSION 

A.  Luminescence:  Zn,  ,Co,S#  and  Zn,_xFexSe 

The  luminescence  bands  in  undoped  ZnSe  are  similar  to 
those  reported  earlier.14  The  peaks  at  2.24  (SA,),  2.09  (SA2), 
and  1.92  (SA3)  arise  from  zinc  vacancies  and  impurities  in 
the  ZnSe  lattice,  while  S0  and  5,  are  related  to  donor- 
acceptor  pairs  involving  shallow  donors  and  deep  traps.14 
The  Y  transition  has  been  associated  with  electronic  states  on 
dislocations  while  Y-LO  is  the  optical  phonon  replica.14  As 
the  Co  concentration  increases  to  0.76%,  the  PL  bands  of 


HO.  3.  Photofuminescencc  (PL)  and  Raman  spectra  al  10  K  from  several 
Zn.  .Tc.Se  films  for  0.027<x<0.75.  All  spectra,  except  the  top  one  was 
recorded  with  457.9-nm  excitation  wavelength.  The  peak  around  1  9  eV  is 
PL  The  hatched  regions  for  xt*0.33  highlight  the  estimated  continuum  of 
Raman  excitations.  P  are  Raman  phonons,  while  the  peak  identified  by  an 
arrow  is  extrinsic  as  in  Zn,  _,Co,Se  (Fig.  1). 


ZnSe  are  quenched.  This  suggests  that  in  addition  to  substi¬ 
tuting  for  Zn  the  Co  ions  fill  Zn  vacancies.  It  is  thus  clear 
that  the  new  transitions  observed  with  Co  doping  concentra¬ 
tions  greater  than  0.7%  are  of  a  totally  different  nature  than 
those  associated  with  Zn  vacancies.  We  identify  these  new 
emissions  to  be  associated  with  intra-Co  d  level  transitions. 
A  similar  conclusion  is  applicable  to  the  Fe-doped  ZnSe 
samples. 

The  relevant  muitiplet  energy  structure  of  Co2*  and  Fe2+ 
in  ZnSe  are  reproduced  in  Figs.  5(a)  and  5(b)  from  Ref.  15. 
While  electric  dipole  transitions  between  states  constructed 
of  pure  d  functions  are  forbidden,  spin-orbit  interaction  and 
lack  of  inversion  symmetry  in  the  zinc  blende  structure, 
however,  allow  such  transitions.  Our  assignment  of  the  ob¬ 
served  PL  transitions  in  Zn,  _xCoxSe  are  identified  by  arrows 
in  Fig.  5(a)  where  I,  II,  and  III  correspond  to  the  transitions 
yielding  bands  I,  II,  and  III  in  Fig.  1. 

We  identify  the  transition  2Tl—>iA2  with  the  narrow 
emission  peak  L .  The  initial  state  associated  with  L  has  been 
previously  associated  as  either  the  1TI  excited  multiple!  level 
of  the  Co2+  ion,16  or  the  exciton  state  [Co3+  e].11  Our  recent 
high  pressure  measurements17  confirm  that  the  energy  of 
peak  L  decreases  with  pressure  at  a  rate  (—1.4  em'/kbar)  in 


J.  Appt.  Phys..  Vol.  75,  No.  10. 15  May  1904 


Maker  at.  5721 


♦A,  0«V 


*T|  OM«V 


0  76,  CfisasAJ0 


Raman  Shift  (cm  ) 


RG.  4.  Raman  spectra  at  10  K  in  the  vicinity  of  the  LO  phonon  in  several 
Zn,  ,Co,Se  and  Zn,  ,Fe,Se  films,  (a)  Depolarized  backscattering;  (b)  po¬ 
larized  backscattering.  The  solid  lines  are  fits  to  the  data  based  on  a  Fano 
analysis.  The  spectra  were  recorded  with  514.5-nm  laser  radiation. 


contrast  to  the  increase  of  ~56-cm  Vkbar  pressure  depen¬ 
dence  of  the  ZnSe  band  gap.18  This  would  hence  make  the 
excitonic  state  unlikely  to  be  associated  with  L . 

We  assign  luminescence  II  and  III  as  transitions  from  2T  3 
that  terminate  at  the  intermediate  spin-quartet  excited  states 
of  Co2\  i.e.,  2T,—%(F)  and  2T,-4r,(F),  respectively. 
The  spectral  linewidth  of  bands  I  and  II  differ  significantly. 
Transitions  between  different  configurations  (with  different 
m  and  n  in  e"r"  configuration)  are  broadened  due  to  fluctua¬ 
tions  of  the  cubic  field  arising  from  nuclear  relaxation.19  This 
is  consistent  with  our  assignment  of  the  initial  state  (2T ,)  to 
a  eV  configuration.  In  this  case  L  is  narrow  since  the  final 
state  4A2,  characterized  by  an  eV  configuration,  does  not 
involve  changes  in  m  and  n .  In  contrast,  luminescence  II  is 
broad  since  the  final  state  iT1(F)  is  of  e3f4  configuration. 
The  transition  associated  with  PL  III,  2Tl—>*Tl(F),  should 
be  weak  since  optical  transitions  are  forbidden  between  e"r” 
and  levels  for  |k|»2.20  It  is  likely  that  this  transi¬ 

tion  is  observed  due  to  an  admixture  of  4Ti(F)  with  either  a 
e3t4  or  e4f3  level.  From  Fig.  5(b),  we  assign  the  1.89-eV  PL 
peak  in  Zn,_xFe,,Se  to  connect  the  3A2-*SE  transition.  The 
’£  and  3A2  states  have  configurations  e3<3  and  e2tA,  respec¬ 
tively;  thus  the  luminescence  is  expected  to  be  broad.  This 
assignment  of  the  optical  transition  in  (ZnFe)Se  is  consistent 
with  absorption  data21  of  ZnS:F  where  the  oscillator  strength 
is  strongest  for  the  3E->3A2  transition  compared  to  other 
spin-forbidden  transitions. 
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FIG.  5.  (a)  Crystal  field  split  manifold  of  Co2'  in  ZnSe  from  Ref  15 
(spin-orbit  effects  have  not  been  included).  Transitions  I.  II.  and  III  relate  to 
the  pfaotolumtnescence  bands  shown  in  Fig.  I.  (b)  Crystal  field  split  mani¬ 
fold  of  Fe2+  in  ZnSe  from  Ref.  15.  The  transition  identified  relates  to  the 
photoiuminescence  at  -1.9  eV  in  Fig.  2.  (c)  To  the  left  of  the  energy  axrs 
schematically  represents  the  one-electron  conduction  and  valence  bands 
(solid  line)  in  ZnSe.  The  one-electron  energies  e^,,  e^.  and  e£.  are  the 
Zn-d,  Cb-rf,  and  Sc-p  one-electton  levels,  respectively,  and  is  the  valence 
band  maximum.  The  dashed  line  is  the  slightly  shifted  valence  band  due  to 
the  replacement  of  Zn  by  Co-  As  in  Fig.  4(a)  the  JT,  and  A,  stales  are 
discrete  many-body  levels.  The  effective  exchange  P  couples  the  host  with 
the  impurity. 


On  the  left-hand  side  of  the  energy  axis  of  Fig.  5(c)  we 
schematically  represent  the  ZnSe  valence  separated  by  2.8 
eV  from  the  conduction  bands  (CB).  The  valence  bands  arise 
predominantly  from  the  hybridization  of  Zn  3 d  orbitals  and 
Se-4p  orbitals.  It  is  not  in  general  obvious  how  to  place  the 
many-electron  atomic  levels  shown  in  Figs.  5(a)  and  5(b) 
with  respect  to  the  one-electron  valence  band  maximum  e „ . 
However,  from  electroabsorption20  and  photoiuminescence 
excitation  data,”  the  ground  state  ('AJ  of  Co2+  is  known  to 
lie  -2.56  eV  below  the  conduction  band.  Since  L  occurs  at 
2.361  eV,  it  follows  that  the  initial  state  associate  J  with  this 
optical  transition  is  —200  meV  below  the  conduction  band. 

We  propose  that  the  very  rapid  broadening  of  PL  emis¬ 
sions  I  and  II  for  Co  concentrations  beyond  1.6%  reflects  the 
proximity  of  the  lowest  Co  configuration  to  the  valence  band 
maximum.  We  denote  the  quantity  which  determines  to  what 
extent  valence  band  states  mix  into  the  localized  levels  as  0 . 


i 


which  can  also  be  viewed  as  (he  rate  at  which  electrons  hop 
from  and  to  the  ground  state  of  the  impurity  site  into  the 
valence  band.  So  the  effective  exchange  interaction  01  has 
the  form 


tion  used  in  this  study.  This  is  consistent  with  the  location  of 
the  final  state  (*Tt )  being  initially  over  1  e V  from  the  valence 
band  edge  and  therefore  a  higher  Co  concentration  is  re¬ 
quired  prior  to  being  broadened  through  the  p-d  exchange. 


P’{x)~(VpJt2)2X- 


-<„(*)  ' 


It  is  well  known  from  rare-earth  and  actinide  physics  that  if 
the  fluctuation  rate  becomes  too  large,  the  impurity  level 
very  rapidly  loses  its  localized  nature  and  becomes 
extended.3-5  Analogously  we  expect  the  extent  of  delocaliza¬ 
tion  of  the  many-electron  state  of  Co-impurities  atoms  to  be 
very  sensitive  to  0! .  While  there  are  many  reasons  why  0' 
could  depend  on  x,  we  propose  that  the  dependence  comes 
predominantly  from  an  upwards  shift  in  the  valence  band 
maximum  on  doping,  i.e.,  the  replacement  of  Zn  by  Co  in¬ 
troduces  a  dependence  of  eL,  on  x. 

While  a  theoretical  treatment  of  the  shifts  of  the  valence 
band  edge  for  Zn,  _,Co1Se  does  not  exist,  an  analysis  for 
Cd,  ,Mn,Te  shows  that  the  valence  band  maximum  in¬ 
creases  steadily  by  about  0.5  eV  as  the  Mn  concentration 
increases  from  zero  to  60%. 22  This  dependence  (—1  eV  per 
Cd  atom  replaced  by  Mn)  is  rather  weak.  However,  on  alloy¬ 
ing  Co  into  ZnSe,  we  expect  a  larger  shift  as  the  one-electron 
Co  d  levels,  4*.  lie  higher  above  one-electron  Zn  levels, 
e^j, ,  than  do  the  majority  Mn  levels.  (We  also  point  out  that 
as  well  as  the  upwards  shift,  one  should  expect  a  broadening 
of  the  valence  band  states  due  to  extra  scattering  from  the 
random  potential.  This  can  also  be  viewed  as  an  upwards 
shift  of  the  "effective”  valence  band  maximum,  and  indeed 
might  well  dominate  the  shift  in  the  case  of  30%  Fe  substi¬ 
tution.)  Since  the  location  of  many-body  crystal  field  split  Co 
d  levels  are,  to  a  good  approximation,  independent  of  x  and 
the  spacing  (EA  -  e„)  at  x<0.01  is  only  0.25  eV,  the  valence 
band  edge  will  approach  the  low-lying  4A2  state  as  x  in¬ 
creases.  It  thus  follows  that  0!  will  increase  rapidly  with 
increasing  Co  concentration.  These  effects  are  not  seen  in 
Mn-doped  systems,  where  EA  lies  well  below 
[(£*-€„) — 2  eV]u  and  therefore  the  effect  of  shifting  ev 
is  very  small.  On  the  other  hand,  as  the  Fe2+  ground  state  5£ 
initially  lies  over  1  eV  from  the  valence  band  edge,24  the 
same  effect  is  seen.  But,  a  larger  doping  concentration  will 
be  required  prior  to  the  occurrence  of  significant  enhance¬ 
ment  in  the  effective  exchange  interaction  in  these  alloys. 

These  concentration  dependencies  of  0'  are  consistent 
with  the  observed  broadening  of  the  PL  transitions  involving 
the  low-lying  d  levels  in  the  two  alloys.  At  a  given  Co  con¬ 
centration  the  exchange  interaction  will  be  greatest  for  the 
4A2  ground  state  with  the  exchange  decreasing  progressively 
for  the  higher-lying  *T 2  and  47'1  Co  d  levels.  This  level  in¬ 
teraction  hence  gives  rise  to  the  broadening  and  eventual 
weakening  of  the  PL  associated  with  transitions  connecting 
to  the  iA 2  state  in  the  optical  emission.  At  x=0.037  and 
beyond  PL  bands  I  and  II  both  appear  to  have  been  broad¬ 
ened  or  quenched.  This  would  argue  for  the  ground  state  as 
well  as  the  first  excited  state  *T2  being  broadened  through 
exchange  at  this  concentration.  On  the  other  hand,  it  is  evi¬ 
dent  from  Fig.  1  that  PL  III  [2Ti— ,47'1(F)j  remains  well 
defined  until  x  approaches  9.4%,  the  highest  Co  concentra¬ 


B.  Raman  continuum 

We  propose  that  the  broad  Raman  continuum  in  Figs.  1 
and  2  is  associated  with  excitations  within  the  broadened  CF 
3d  manifold.  As  proposed,  the  broadening  of  tl  CF  levels 
with  increasing  x  primarily  occurs  through  enhanced  ex¬ 
change  with  the  band  electrons.  As  evident  from  Fig.  5,  at 
low  Co  and  Fe  concentrations  the  separations  between  the 
first  few  low-lying  crystal  field  states  of  Co2”  and  Fe2”  are 
about  0.35  eV.  Thus  as  these  levels  broaden  and  overlap,  one 
expects  the  resulting  band  to  be  few  tenths  of  an  eV  wide. 
The  Raman  continuum  observed  in  both  alloys  extends  be¬ 
yond  3000  cm-1  and  is  thus  consistent  with  our  model  that 
the  inelastic  scattering  events  occur  within  the  strongly  hy¬ 
bridized  d  levels. 

Our  identification  of  the  nature  of  the  continuum  is  also 
consistent  with  the  following  findings:  (1)  The  continuum 
distinctly  appears  only  in  Zn,  ,Co, Se  and  Zn,  _ ,Fe,Se 
when  the  discrete  PL  bands  have  broadened.  (2)  The  Raman 
continuum  in  Zn,  ,Co, Sc  occurs  at  a  critical  concentration 
(X  —0.03)  much  smaller  than  that  in  Zn,  _  ,Fe,Se  (x~0.3). 
These  differences  are  related  to  the  distinct  dependencies  of 
0'  on  x  in  the  two  alloys.  (3)  Dopant  induced  structural 
disorder  is  eliminated  as  the  source  of  the  Raman  continuum 
since  the  continuum  is  not  observed  in  Zn,  _,Fe,Se  at  similar 
x  values  as  in  Zn,  _,C«,Se  where  the  same  degree  of  disor¬ 
der  would  be  present.  (4)  It  is  likely  that  continuum-discrete 
phonon  coupling  leads  to  the  asymmetric  line  shape  of  the 
LO  phonon  in  Zn,  ,C'oxSe  for  x  >0.03  [Fig.  4(b)],  The 
asymmetric  phonon  line  profile  occurs  only  beyond  the  criti¬ 
cal  concentration  when  the  continuum  is  observed.  Consis¬ 
tent  with  the  absence  of  the  continuum  for  x  up  to  0.22,  the 
optical  phonon  in  Zn,  ,Fe,Se  (x  =50.22)  does  not  show  any 
evidence  of  Fano-type  interactions. 

Finally  we  note  that  ,he  proposed  model  related  to  the 
enhancement  in  the  effective  p-d  hybridization  and  its  in¬ 
fluence  on  the  PL  transitions  is  consistent  with  the  data  as¬ 
sociated  with  the  intra-d-level  transitions  presented  here. 
These  optical  spectra  were  excited  with  laser  radiation  that 
was  at  most  about  0.3  eV  above  the  energy  of  PL  I.  Further 
experiments  with  even  higher  energy  laser  radiation  includ¬ 
ing  those  above  the  fundamental  band  gap  are  being  planned. 
These  experiments  would  ascertain  if  the  observed  modifica¬ 
tions  to  the  optical  transitions  v*iih  increasing  Co  and  Fe 
concentrations  are  affected  by  any  subtle  effects  in  populat¬ 
ing  the  initial  state  associated  with  the  PL  emission.  A  tun¬ 
able  dye  laser  operating  in  the  410-470-nm  spectral  region 
is  being  set  up  for  this  purpose.  Furthermore  a  study  of  the 
role,  if  any,  of  structural  defects  that  may  introduce  deep 
levels  around  2.4  eV  in  these  ZnSe-based  systems  and  their 
possible  effect  on  the  optical  transitions  connecting  isolated 
crystal  field  d  levels  should  be  useful.  Such  studies  could, 
e.g.,  include  deep  level  transient  spectroscopy  studies  of 
these  diluted  magnetic  semiconductors  to  identify  specific 
deep  levels. 
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♦  V.  CONCLUSIONS 

In  summary  we  have  reported  on  the  photoluminescence 
(  and  Raman  excitations  associated  with  3 d  levels  in 

^  Znt  _xCoxSe  and  Zn{  _zFezSe.  The  striking  changes  in  the  PL 

spectra  with  x  are  discussed  in  terms  of  an  increase  in  the 
exchange  between  d  levels  and  band  electrons  with  transition 
j  metal  ion  concentration  that  leads  to  the  broadening  of  the 

,  ground  and  lower  excited  CF  split  d  levels.  The  enhance¬ 

ment  in  the  exchange  coupling  with  concentration  x  arises 
primarily  due  to  the  proximity  of  the  Co2+  and  Fe2^  crystal 
field  ground  levels  to  the  valence  band  maximum.  Beyond 
the  critical  concentration,  a  broad  Raman  continuum  is  ob¬ 
served.  Evidence  for  this  continuum  is  also  derived  from  the 
<  fact  that  the  optical  phonon  self-energies  in  Znj  _zCozSe  are 

t  modified  in  a  manner  consistent  with  a  continuum-discrete 

interaction  leading  to  the  asymmetric  LO  line  shape  when 
!  the  PL  transitions  have  broadened  in  Zn,  _zCozSe.  It  is  pro¬ 

posed  that  the  continuum  arises  from  excitations  within  the 
4  broadened  crystal  field  3 d  manifold. 
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We  have  studied  a  new  type  of  semiconductor  quantum  well  system  in  which  the  carrier-ion 
exchange  interactions  are  determined  by  the  spin  of  the  carrier.  The  samples  consist  of  alternating 
layers  of  Zn,  _,Mn,Se  and  Zn,  _rFevSe  grown  by  molecular-beam  epitaxy  (MBE).  At  zero  field,  the 
carriers  initially  interact  randomly  with  both  transition  metal  species.  When  a  magnetic  field  is 
applied,  the  excitonic  wave  functions  are  increasingly  localized  in  one  or  the  other  of  the  magnetic 
layers  according  to  their  spin  state  as  the  competing  spin  exchange  interactions  define  the  confining 
potential.  The  spin  components  of  the  heavy  hole  exciton  are  subsequently  dominated  by  different 
exchange  interactions  as  revealed  by  their  temperature  and  field  dependence:  the  behavior  of  the 
spin-down  component  (—3/2,— 1/2)  is  described  by  exchange  interactions  of  the  carriers  with  the 
Mn2+  ions  and  exhibits  Brillouin  paramagnetic  behavior,  while  the  spin-up  component  (+ 3/2, +1/2) 
is  dominated  by  interactions  with  Fe2+  ions  and  exhibits  Van  Vleck  paramagnetism.  These  structures 
are  thus  characterized  by  an  initial  competition  and  eventual  coexistence  of  Brillouin-  and  Van 
Vleck-like  paramagnetic  behavior  for  the  exciton. 


An  increasing  amount  of  study  has  focused  on  spin- 
dependent  effects  in  semiconductor  heterostructures  and  as¬ 
sociated  spin  relaxation  mechanisms  and  lifetimes.  These  ef¬ 
fects  are  especially  manifest  in  diluted  magnetic 
semiconductor  (DMS)  compounds  (e.g.,  Zn,_xMnISe),  in 
which  strong  spin-exchange  interactions  between  the  band 
carriers  and  the  d  electrons  localized  on  the  substitutional 
magnetic  ions  strongly  modify  the  band  structure  in  the  pres¬ 
ence  of  an  applied  magnetic  field.1  This  has  been  vividly 
demonstrated  in  the  recent  realization  of  spin  superlattice 
structures,2-4  which  consisted  of  alternating  layers  of  mag¬ 
netic  and  nonmagnetic  semiconductors  chosen  to  have  very 
small  band  offsets.  As  a  magnetic  field  is  applied,  the  giant 
spin  splitting  of  the  DMS  band  edges  produces  a  spin- 
dependent  confining  potential  resulting  in  localization  of  the 
carriers  according  to  their  spin:  spin-down  carriers  become 
confined  to  the  DMS  layers,  while  the  spin-up  carriers  are 
localized  in  the  non-DMS  layers. 

We  report  here  an  initial  study  of  a  new  type  of  spin 
superlattice  (SSL),  in  which  both  constituent  materials  of  the 
structure  are  DMS  compounds,  but  with  very  different  mag¬ 
netic  and  spin-exchange  character:  ZnI-IMnISe  is  a  classic 
Brillouin  paramagnet,  while  Zn,_yFeySe  exhibits  Van  Vleck 
paramagnetic  behavior.  The  application  of  a  magnetic  field 
again  produces  a  SSL  potential  which  localizes  the  two  spin 
components  of  the  excitonic  wave  functions  in  alternating 
layers  of  the  structure.  In  these  new  structures,  however,  the 
two  spin  components  are  dominated  by  different  exchange 
interactions  as  revealed  by  their  temperature  and  field  depen¬ 
dence.  This  behavior  can  be  directly  observed  using  polar¬ 
ization  and  field  dependent  reflectance  and  photoiumines- 


cence  spectroscopies.  These  new  structures  thus 
simultaneously  exhibit  both  Brillouin  and  Van  Vleck  para¬ 
magnetic  behavior,  and  open  many  opportunities  for  study¬ 
ing  spin-exchange  phenomena. 

The  samples  were  grown  by  molecular  beam  epitaxy  on 
GaAs(OOl)  substrates,  and  consist  of  multiple  quantum  well 
structures  of  the  form  (Zn,  ,Mn,Se/Zn,  _yFeySe)4,  with 
0.01«x,yS0.04.  Details  of  the  growth  have  been  given 
elsewhere.4  The  total  thickness  of  each  sample  was  kept  be¬ 
low  ~1000  A  to  insure  that  each  layer  was  under  compres¬ 
sive  strain  imposed  by  the  substrate,  thereby  removing  the 
heavy-hole/light-hole  degeneracy  at  the  zone  center,  so  that 
the  heavy-hole  states  define  the  valence  band  edge.  Magne¬ 
toreflectance  (MR)  and  photoluminescence  (PL)  were  used 
to  study  the  behavior  of  the  heavy-hole  excitons,  with  the 
two  spin  components  distinguished  through  their  polarization 
dependence. 

The  zero  field  PL  and  reflectance  spectra  from  a  (100-A 
ZnoajMno^Se/BS-A  Zn09pFeo.oiSe)4  SSL  sample  are 
shown  in  Fig.  1.  The  PL  spectrum  shows  a  large  peak  ( X )  at 
2.802  eV  identified  as  the  heavy-hole  free  exciton  (hh),  with 
a  linewidth  of  only  2.5  meV  demonstrating  high  sample 
quality.  The  lower-energy  feature  (BX)  is  identified  as  a  do¬ 
nor  bound  exciton,  while  the  small  high-energy  feature  is 
believed  to  be  associated  with  the  air  interface.  The  reflec¬ 
tivity  spectrum  exhibits  these  same  features  (with  the  excep¬ 
tion  of  BX),  as  well  as  the  light-hole  free  exciton  (lh)  which 
is  shifted  by  strain  to  higher  energy.  These  features  split  into 
spin  components  with  applied  magnetic  field,  and  in  the  re¬ 
maining  discussion  we  focus  on  the  behavior  of  the  hh  exci¬ 
ton  peak. 

The  hh  exciton  splits  into  two  spin  components  accord¬ 
ing  to  the  electric  dipole  selection  rules,  corresponding  to  a 
transition  involving  “spin-up”  carriers  (m/  =  + 1/2  electrons 
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FIG.  1.  Zero  field  photoluminescence  (PL)  and  derivative  reflectance  (R) 
spectra  from  a  (100-A  ZoQ.96M]i0MSe/138'A  ZnowFeeoiSeh  sample  (PL 
with  Kr  4067-A  excitation). 


FIG.  3.  Diagram  illustrating  the  canductioa  and  valence  band  splitting,  and 
resultant  spin-dependent  carrier  confinement  with  applied  magnetic  field. 
The  allowed  hh  transitions  and  their  polarizations  are  indicated. 


and  my  =  +3/2  holes)  and  a  transition  involving  “spin-down” 
carriers  (- t/2,-3/2),  which  are  distinguished  by  their  circu¬ 
lar  polarization  character  a-  and  <r+,  respectively.  The  field 
dependence  of  these  features  is  summarized  in  Fig.  2(b)  for 


FIG.  2.  Plots  of  the  bh  exciton  spin  splitting  obtained  from  MR  spectra  (4.2 
K)  for  (a)  540- A  ZntnFeomSe  epOayer,  (b)  (100-A  Z<W4n0J),Se/138-A 
ZdowFbtutiSeb  SSU  and  (c)  520-A  Zo^,  ^Mn^Se  epilaycr  samples. 
Cirdes:  4.2  K;  triaogles:  10-K  data.  The  solid  lines  in  (b)  am  the  calculated 
cxcrion  rpOtlmgs 
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temperatures  of  4.2  and  10  K.  Note  that  the  a-  and  o-+ 
components  exhibit  very  different  field  and  temperature  de¬ 
pendence.  The  <r+  component  exhibits  a  larger  spin  splining 
and  the  strong  temperature  dependence  characteristic  of  Bril- 
louin  paramagnetic  behavior,  indicating  that  the  spin-down 
carriers  are  dominated  by  the  spin-exchange  interactions  of 
the  ZnMnSe  layers.  The  behavior  of  the  <r+  component  is 
identical  to  that  obtained  from  a  uniform  Zn<j  ,#,Mn()(MSc  ep- 
ilayer,  as  shown  in  Fig.  2(c).  Conversely,  the  behavior  of  the 
or-  component  of  this  SSL  is  identical  to  that  obtained  from 
a  uniform  epilayer  of  Zn<,  ^Feooi  Se,  as  shown  in  Fig.  2(a). 
The  o-  component  exhibits  a  smaller  spin  splitting  due  to 
the  lower  magnetic  ion  concentration,  and  a  weak  tempera¬ 
ture  dependence  characteristic  of  Van  VIeck  paramagnetic 
behavior,  indicating  that  the  spin-up  carriers  are  strongly  ef¬ 
fected  by  spin-exchange  interactions  with  the  ZnFeSe  layers. 

The  band  diagram  derived  from  this  behavior  is  shown 
in  Fig.  3.  At  zero  field,  the  band  offsets  are  small  relative  to 
the  exciton  binding  energy,  and  the  carriers  interact  ran¬ 
domly  with  both  transition  metal  species  in  the  absence  of  a 
confining  potential.  When  a  magnetic  field  is  applied,  the 
conduction  and  valence  band  edges  split  into  spin  levels, 
with  the  splitting  larger  in  the  ZnMnSe  than  in  the  ZnFeSe, 
primarily  due  to  the  larger  Mn  concentration.  As  the  band- 
edge  splittings  define  the  spin-dependent  confining  potential, 
the  excitonic  wave  functions  are  localized  in  one  or  the  other 
of  the  magnetic  layers  according  to  spin  state:  the  spin-up 
carriers  forming  the  spin  up  (a—)  hh  exciton  are  localized  in 
the  ZnFeSe  layers,  while  the  spin-down  carnets  (cr+)  be¬ 
come  confined  to  the  ZnMnSe  layers.  The  spin  components 
of  the  hh  exciton  are  subsequently  dominated  by  different 
exchange  interactions  resulting  in  the  very  different  tempera¬ 
ture  and  field  dependence  observed  experimentally. 

The  system  can  be  quantitatively  described  by  an  ana¬ 
lytical  model  appropriate  for  describing  excitons  in  shallow 
quantum  wells.  The  results  of  the  calculations  are  plotted  as 
solid  lines  in  Fig.  2(b),  and  provide  good  agreement  with  the 
temperature  and  field  dependence  of  the  data.  The  exciton 
wave  functions  derived  from  the  model  show  separate  local¬ 
ization  of  the  spin-up  and  spin-down  excitons  in  the  respec¬ 
tive  layers  as  indicated  in  Fig.  3. 
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FIG.  4.  Summary  ©lot  of  the  hh  spin  splitting  obtained  from  MR  spectra 
(4.2  K)  for  a  (100- A  ZnawMag.o,Se/104-A  ZaafcFc41><Se)<  SSL  end  a  S00-A 
Zno  wFcq  ^Se  epilayer.  The  epilayer  data  baa  been  displaced  by  - 10  MeV 
for  clarify.  Circles:  4.2  K;  triangles:  10-K  data. 


This  interpretation  may  be  readily  tested  by  simply  re¬ 
versing  the  concentrations  of  the  Fe  and  Mn,  in  which  case 
the  behavior  of  the  <r~  and  <r+  hh  components  should  be 
reversed,  with  the  or—  component  now  exhibiting  the  stron¬ 
ger  Brillouin-like  temperature  dependence  due  to  localiza¬ 
tion  of  the  spin-up  hh  exciton  in  the  ZnMnSe  rather  than  in 
the  ZnFeSc.  MR  data  for  a  (100-A  2^n0.99Mn001Se/104-A 
Zn,)  96Fe0.o4Se)4  SSL  sample  are  summarized  for  the  hh  spin 
splitting  in  Fig.  4.  The  cr-  component  indeed  shows  a 
smaller  spin  splitting  due  to  the  low  Mn  concentration  and 
the  strong  temperature  dependence  expected.  The  <r+  com¬ 
ponent  exhibits  behavior  identical  to  that  obtained  from  a 
uniform  Zno^Feg^Se  epilayer,  also  shown  in  Fig.  4  for 
comparison.  Note  that  the  temperature  dependence  for  the 
<r+  component  (ZnFeSc)  appears  more  pronounced  in  these 
samples  than  those  of  Fig.  2  because  the  net  spin  splitting  is 
larger  due  to  the  higher  Fe  concentration. 

Photoluminescence  data  obtained  from  these  SSL 
samples  show  the  same  behavior  for  the  hh  spin  splitting  as 
presented  above.  Additional  information  regarding  carrier 
lifetimes  may  be  inferred  from  the  relative  intensities  of  the 
spin  split  components  using  rate  equation  modeling,  as  dis¬ 
cussed  previously  for  magnetic/nonmagnetic  SSL 
structures.6,7  The  PL  intensity  ratio  /-//+  of  the  spin-up 
(<r  )  to  spin-down  (<r+)  hh  components  is  shown  in  Fig.  5 
for  a  (100-A  Zno  wMnofgSc/lOS-A  Zno99Feo0iSe)4  sample. 
It  is  interesting  to  note  that  the  higher  energy  cr-  component 
due  to  recombination  of  the  spin-up  carriers  is  clearly  visible 
in  a  static  PL  measurement  up  to  substantial  values  of  the  net 
spin  splitting,  even  though  it  would  be  much  more  energeti¬ 
cally  favorable  for  these  carriers  to  first  spin  relax  to  the 
spin-down  state  before  radiative  recombination.  The  persis¬ 
tence  of  this  feature  indicates  that  the  carrier  spin  relaxation 


FIG.  5.  Ratio  of  Ike  iotemiry  at  the  PL  peaks  (Kr  4067- A  excitation,  7=4.2 
K)  corresponding  to  the  ir-  (+1/2, +3/2)  and  <r+  <—  i/2,—3/2)  hh  transi¬ 
tions  as  a  function  of  net  hh  spin  splitting  for  a  (100-A 
ZnstiMno.oaSe/lOS-A  /no  „Fc,;  mSei,  SSL  The  dashed  tine  shows  the  ex 
peered  ratio  exp(-M JkT),  where  as  is  the  spin  splitting. 

time  is  comparable  to  the  radiative  lifetime,  and  that  the  spin 
relaxation  process  which  is  so  clearly  favored  from  an  ener¬ 
getic  standpoint  is  significantly  impeded  in  these  strained 
layer  structures.  This  has  been  attributed  to  the  strain  induced 
splitting  of  the  light-  and  heavy-hole  bands,  which  inhibits 
heavy-hole  (m;=±3/2)  spin  flip  processes  which  would  oth¬ 
erwise  occur  via  interaction  with  the  light-hole  states 
(mj=±  1/2).7'9  Rate  equation  modeling  of  the  data  in  Fig.  5 
yields  electron-  and  heavy-hole  spin  lifetimes  in  good  agree¬ 
ment  with  those  derived  earlier,7  with  rb^Tct~50. 

In  summary,  we  have  studied  a  new  type  of  semiconduc¬ 
tor  quantum  well  system  in  which  the  carrier-ion  exchange 
interactions  are  determined  by  the  spin  of  the  exciton.  These 
structures  are  characterized  by  an  initial  competition  and 
eventual  coexistence  of  Brillouin-  and  Van  Vleck-like  para¬ 
magnetic  behavior  for  the  exciton,  and  open  many  opportu¬ 
nities  for  studying  spin-exchange  phenomena. 

The  work  at  NRL  was  supported  by  the  Office  of  Nava] 
Research,  and  at  SUNY  by  ONR  and  NSF. 
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New  mejuunroena  of  the  magnetic  earner-induced  properties  of  Sn^MOjIh  for  x«UO  are 
presented.  The  results  of  these  and  previously  reported  measurements  for  other  compositions  and 
carrier  concentrations  will  be  compared  to  model  calculations  of  the  low-temperature  magnetic 
state.  A  magnetic  phase  diagram  will  be  presented. 


Sn,  is  a  diluted  magnetic  semiconductor,  in 

which  a  small  amount  of  the  nonmagnetic  cation  Sn2+  is 
replaced  by  the  magnetic  ion  Mn2t.  It  has  been  shown  that 
the  magnetic  properties  of  Snt.xMnrTe  not  only  depend  on 
the  manganese  concentration,  but  also  on  the  free  carrier 
(bole)  concentration.1'4  For  manganese  concentrations  be¬ 
low  x-0.04  it  was  observed  that  at  relatively  low  carrier 
concentrations  (/)*5-7xl02ncm'3)  the  system  is  ferromag¬ 
netic  at  liquid  helium  temperatures.  At  slightly  higher  carrier 
concentrations  (p=9-12XlO®  cm'3)  the  ferromagnetic  na¬ 
ture  of  the  material  weakens  and  a  reentrant  spin-glass  phase 
is  observed.  At  high  carrier  concentrations  (p =20-23X10® 
cm"3)  the  ferromagnetism  has  vanished  and  a  spin-glass 
phase  is  observed.  The  nature  of  these  phases  was  estab¬ 
lished  using  magnetization,  specific  heat,  (frequency  depen¬ 
dent)  ac  susceptibility,1*3  and  neutron  diffraction4  measure¬ 
ments.  These  results  ate  used  to  compile  a  phase  diagram,  in 
which  the  magnetic  phase  of  the  material  is  indicated  for 
various  carrier  and  manganese  concentrations  (see  Fig.  1).  In 
this  figure  the  data  of  samples  of  Pbpea-sShanMtlrlfe  are 
also  included,  which  show  a  similar  transition  from  ferro¬ 
magnetism  to  a  spin-glass  state  upon  increasing  the  carrier 
concentration.1 

In  this  paper  we  will  concentrate  on  the  location  of  the 
ferromagnetic  to  spin-glass  transition  in  the  phase  diagram. 
We  have  performed  calculations  of  this  boundary  using  three 
different  models.  These  calculations  will  be  confronted  wife 
the  experimental  data.  Below  we  will  first  present  some  new 
measurements,  which  are  already  included  in  Fig.  1. 

In  Fig.  2  the  ac  susceptibility  is  shown  for  four  samples 
with  p ‘■20X10®  cm'3  and  x-0.04,  0.06,  0.08,  and  0.10, 
respectively.  For  x “0.04  and  0.06  a  dear  cusp  in  the  suscep¬ 
tibility  is  present,  indicating  a  transition  to  a  spin-glass  state. 
For  x-0.08  two  maxima  are  observed.  The  first  maximum, 
at  T»  108  K,  results  from  a  transition  from  fee  paramagnetic 
state  to  a  ferromagnetic  state,  and  the  second  maximum,  at 
T-2.3  K,  from  a  transition  from  a  ferromagnetic  state  to  a 
spin-glass  state.  This  is  interpreted  as  a  reentrant  spin-glass 
phase.  The  sample  wife  x«0.10  displays  a  ferromagnetic 
transition  at  T-153  K,  and  no  other  transition  at  T>1.3  K. 


However,  fee  flattening  of  the  curve  below  3  K  may  indicate 
the  presence  of  a  seco  -ten  below  1.3  K,  similar  to 

feat  for  x=0.O8.  Th  vents  indicate  that  at  higher 

manganese  concentraw  .  transition  to  the  spin-glass 
state  occurs  at  a  higher  ca  .er  conce  iiratkm. 

The  explanation  of  the  results  is  based  on  the  RKKY 
interaction,  which  is  dominant  in  these  compounds  (see  Fig. 
3).1  This  interaction  is  an  oscillating  fvetion  wife  argument 
2 kFRti ,  where  kf  is  fee  wave  number ...  fee  Fermi  level  and 
R,j  is  the  distance  between  two  ions.  The  rmst  elementary 


FIG.  1.  Magnetic  phase  diacnm  of  the  compounds  Ft>,  a_,Soo  nMe,Te 
(squares)  and  So, -jMiij'ft  (circles).  Filled  symbols  indicate  fcmunagacUc 
(FM)  samples,  half-filled  symbols  reentrant  spineless  (RSG)  simplrs,  sod 
open  symbols  sptn-flaas  (SG)  samples.  The  hatched  region  buHrmg  the 
experimentally  observed  reentrant  spineless  regime.  Calculated  pbeee 
boundaries  ate  also  included:  fitO  line:  geometric  model;  dashed  Hoe.  MRF 
model  (%~1);  dotted  line:  discrete  model  (sgi-l);  sad  dash-dotted  line: 
discrete  aaodel. 
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Flo.  2-  Real  pan  of  the  ac  suaccptibfljry  va  temperature  far  four  lampkr  at 
So,  jMn.Te  with  bole  rruueiUralloc  p~20x  10*  cm  1  Open  circles 
x  *0.04;  filled  circler:  X  “0.06;  open  squares:  r  *008;  and  filled  aquarea: 
r -0  10.  The  full  finer  are  a  guide  fa  the  eye. 


way  to  describe  the  transition  between  the  ferromagnetic  and 
spin-glass  states  is  based  on  simple  geometrical  arguments. 
For  this  we  will  define  two  characteristic  distances.  First,  R0, 
which  is  the  minimal  distance  at  which  the  RKKY  interac¬ 
tion  changes  from  ferromagnetic  to  antiferromagnetic.  R0  is 
proportional  to  k}l<xp,/3.  Second,  Atia-Ma  is  the  average 


Fto.  3.  Srrraglh  of  Ufa  RKKY  jnfaraaton  It,  is  the  iHawcr  at  which  the 
■fanrdoa  chaagaa  bam  farwagmtic  fa  aadfamaagoetic.  Hux-m  “*■ 
catea  a  poccMc  average  Ms— Md  diataoce. 


x~m.  Whenever  ff0^*na-»te  msny  ions  anil  be  coupled  by 
the  first  ferromagnetic  part  of  the  interaction,  resulting  in  a 
ferromagnetic  phase  in  the  material.  If  Ro<Ru»-\m  only  few 
kns  will  be  coupled  by  this  ferromagnetic  part  and  many 
will  sense  the  oscillating  tail  of  the  interaction,  inducing 
frustration  and  competitioa  which  will  lead  to  a  spin-glass 
state.  We  now  conjecture  that  the  transition  from  ferromag¬ 
netism  to  spin-glass  behavior  will  take  place  when 
This  leads  to  the  relation  x/p= constant.  In 
Fig.  1  this  phase  boundary  is  represented  by  the  full  curve.  In 
spite  of  the  crudeness  of  the  model,  the  slope  of  the  experi¬ 
mental  phase  boundary  is  reproduced  quite  accurately.  The 
actual  position  of  the  line  is  not  so  well  described. 

A  more  sophisticated  calculation  of  the  phase  boundary 
can  be  obtained  with  the  mean  random  field  (MRF)  model,5 
which  has  been  used  to  describe  spin  glasses  before.  In  this 
model  the  probability  P(H)dH  is  calculated  that  a  spin 
senses  an  internal  field  between  H  and  H+dH,  produced  by 
the  other  spins.  Using  this  probability  distribution  the  mean 
internal  field  (H),  and  its  variance  AH,  can  be  calculated. 
The  parameter  i7„*=(H)/AH,  comparable  to  the 
Sherrington-Kirkpatrick  order  parameter'7  then  determines 
the  magnetic  phase  in  the  system:  a  spin-glass  phase  for 
t)h<  1,  a  reentrant  spin-glass  phase  for  1<%<1.25,  and  a 
ferromagnetic  phase  for  %>1.25.  We  have  calculated  the 
distribution  of  internal  fields  using  an  isotropic,  damped 
RKKY  interaction  at  T=0  K: 

■functiRij) 

/ siD(2kFRij)-(2kFR,l)cos(2kFRil)\ 

~  32irV  \  (2 / 

Xexp (— Ry/X),  (1) 

where  m*  is  the  effective  mass  of  carriers  (m  *  =  1 .7m,),  J  ,d 
is  the  exchange  integral  (/^“lOO  meV),  aD  is  the  lattice 
constant  (a0=6.33  A),  and  k  is  the  mean  free  path.  In  the 
calculation  we  have  only  taken  the  contribution  from  the 
second  valence  band  into  account*  As  an  example  some  dis¬ 
tributions  for  P-13X1020  cm-3  and  k=40  A  are  displayed 
in  Fig.  4(a).  For  increasing  manganese  concentration  the  dis¬ 
tribution  shifts  to  higher  fields  and  broadens  considerably. 
This  is  to  be  expected,  as  for  higher  manganese  concentra¬ 
tions,  the  probability  of  finding  one  or  more  ions  near  the 
reference  ion  increases  considerably,  and  therefore  the  inter¬ 
nal  field  will  rise.  From  these  distributions  it  is  possible  to 
obtain  the  phase  boundary  by  calculating  P(H)  for  a  number 
of  combinations  of  x  and  p.  For  k=oo,  however,  the  phase 
boundary  can  be  calculated  analytically,  and  the  latter  curve 
(for  rft/=l)  ■*  shown  in  the  phase  diagram  (dashed  curve  in 
Fig.  1).  This  line  is  comparable  to  the  line  of  the  geometrical 
model.  However,  at  high  carrier  concentrations  the  line  di¬ 
verges,  indicating  a  breakdown  of  the  validity  of  the  model. 

The  MRF  model  has  two  major  disadvantages.  First,  it  is 
a  continuum  model,  not  taking  the  discreteness  of  the  lattice 
into  account,  and  second,  it  is  only  valid  for  small  concen¬ 
trations  of  manganese.5  These  disadvantages  are  not  present 
in  the  last  model  that  we  will  present,  where  we  have 
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FIG.  4.  Calculation  of  internal  fie  Ida  for  p-  13X 1030  cm  3  and  A -40  K 
using  ike  MRF  model  (a)  and  the  diacrefe  model  (b) 


summed  the  fields  from  all  ions  situated  at  discrete  lattice 
positions  around  a  reference  ion: 


i* 


/f=2 

(2) 

/-i 

25 

*/-—  •JmocyW/). 

(3) 

where  is  the  number  of  ions  present  in  shell  number  j,S  is 
the  spin  of  the  ion  (5=5/2),  n§  is  the  Bohr  magneton,  g  is 
the  Laade  factor  (g=2),  and  N  is  the  number  of  shells  taken 
in  the  calculation  (N=  10  GGO).  The  spins  were  distributed 
randomly  over  the  lattice  and  all  possible  configurations  of 
Mn  ions  within  those  shells  were  taken  into  account  This 
model  can  in  principle  be  considered  as  a  discrete  analog  of 
the  MRF  model.  As  an  example  the  calculated  distributions, 
for  the  same  set  of  parameters  as  used  with  the  MRF  model, 
are  shown  in  Fig.  4(b).  As  expected,  these  results  are  similar 
to  those  obtained  with  the  MRF  model.  In  Fig.  4(b)  the  effect 
of  the  discreteness  is  visible  fix  small  manganese  concentra¬ 
tions.  The  curves  for  the  higher  manganese  concentrations 
are  shifted  toward  higher  fields.  This  indicates  that  in  the 
MRF  model,  which  is  not  valid  for  higher  manganese  con¬ 
centrations,  the  nearby  ions  a re  not  correctly  taken  into  ac¬ 
count.  Far  the  discrete  model  the  phase  boundary  can  also  be 
calculated  analytically,  at 


At 

(ff>=x2  Zjhj,  (4) 

r-i 

At 

(A«)2=(x-x2)2  Zjh),  (5) 

where  zt  is  the  number  of  lattice  sites  in  shell  j.  In  the  phase 
diagram  the  phase  boundaries  for  X=®  are  represented  by 
the  dotted  (%=1)  and  dash-dotted  ( = 1.25)  line,  respec¬ 
tively. 

At  this  point  we  will  discuss  the  influence  of  the  mean 
free  path  in  our  system.  Results  from  experiments  on  trans¬ 
port  properties  indicate  that  the  mean  free  path  is  at  least 
smaller  than  100  A*  The  value  of  40  A  was  taken  rather 
arbitrarily,  but  X  may  well  be  as  small  as  10  A.  The  effect  of 
a  decrease  of  X  is  to  suppress  the  oscillating  tail  of  the  inter¬ 
action.  The  calculated  distributions  will  then  narrow  and 
shift  toward  lower  fields,  ij,  is  oppositely  affected  by  these 
two  effects.  It  turns  out  that  at  high  values  of  p  the  phase 
boundary  shifts  towards  lower  values  of  x,  whereas  at  low 
values  of  p  it  shifts  toward  higher  values  of  x.  For  X>40  A 
the  effect  is  quite  small,  as  the  difference  in  rfo  between 
X=®  and  X=40  A  is  only  a  few  percent.  However,  when  the 
value  of  X  is  very  small  the  effect  is  much  larger.  The  simple 
exponentiil  damping  of  the  interaction  is  then  not  valid 
anymore.9 

To  conclude,  our  new  magnetic  measurements  on 
Sn,  _iMnxTe  samples  with  0.04<x<0.10  show  a  gradual 
change  from  spin-glass  behavior  to  ferromagnetism  as  x  in¬ 
creases  at  fixed  p.  We  have  calculated  the  phase  boundary 
between  these  regimes  using  three  different  models,  namely 
a  geometrical  model,  the  mean  random  field,  and  a  discrete 
model  in  which  a  summation  of  internal  fields  over  lattice 
positrons  is  performed.  All  three  models  describe  the  slope  of 
the  phase  boundary  reasonably  well,  but  the  actual  position 
is  not  recovered. 
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Magnetic  behavior  of  (Culn)1  _jrMn2xTe2 

P.  M.  Stand 

Physics  Department,  University  of  Northern  Iowa,  Cedar  Falls,  Iowa  50614 

P.  A.  Potstra,  I.  Miotkowski,  and  B.  C.  Crook  or 

Physics  Department,  Purdue  University,  West  Lafayette,  Indiana  47907 

Magnetic  susceptibility  measurements  hive  been  made  on  the  chalcopyrite  diluted  magnetic 
semiconductor  (Culn),  .^Mn^Te^  for  concentrations  0.01  <x<0. 101  and  temperatures  33 
mK<T<300  K.  Samples  with  a  >0.03  had  similar  values  of  the  effective  nearest-neighbor 
exchange  constant,  with 18.5  K.  The  strength  of  fell  sharply  in  samples  with  lower  a, 
a  characteristic  not  seen  in  wide  band  gap  II— VI  based  alloys.  Low-field  ac  susceptibility 
measurements  showed  spin-glass  behavior.  Analysis  of  freezing  temperature  Tfvsx  data  showed  a 
passible  crossover  between  different  modes  of  exchange,  coincident  with  the  sharp  drop  in  J^. 
Preliminary  carrier  concentration  data  suggests  that  the  crossover  may  be  driven  by  increased 
numbers  of  free  holes  in  some  samples. 


I.  INTRODUCTION 

The  properties  of  the  exchange  interaction  and  spin-glass 
behavior  in  pseudobinary  diluted  magnetic  semiconductors 
(DMS s)  have  been  subjects  of  considerable  interest  for  some 
tune.1"4  Recently,  DMS  alloys  based  on  ternary  chalcopyrite 
hosts  have  become  available.  These  materials  present  a  good 
opportunity  to  gain  more  insight  into  the  nature  of  exchange 
interactions  and  spin  freezing  by  studying  the  behavior  of 
magnetic  ions  distributed  in  a  different  host  system. 

(Culn),  -jMn^Tej  is  produced  by  randomly  diluting  the 
chalcopyrite  host  semiconductor  CulnTe2  with  Mn.  On  aver¬ 
age,  one  Cu  atom  and  one  In  atom  are  replaced  by  two  Mn 
atoms  in  the  cation  sublattice.  For  x  <0.5,  (CuIn),_IMn2j,Te2 
retains  the  chalcopyrite  crystal  structure,  with  a  tetragonal 
unit  cell.  The  unit  cell  of  the  parent  CuInTej  has  a  c/a  value 
exactly  equal  to  the  ideal  value  of  2.  Thus,  at  low  x,  one 
expects  little  tetragonal  distortion  in  (CtiIn)1_IMn2,Te2.  The 
cation  sites  are  surrounded  by  tetrahedrally  distributed  Te 
ions.  However,  the  bonds  are  distorted  in  chalcopyrite  mate¬ 
rials  because  each  anion  is  bonded  to  dissimilar  cations  of 
different  sizes  and  electronegativities.  The  6S  ground  multip¬ 
le!  of  a  substitutional  Mn24  ion  is  split  by  the  S4  symmetric 
field  at  the  cation  sites  into  three  Kramers  doublets.3  The 
splitting  is,  however,  very  small  (~100  mK)  as  in  the  case  of 
the  II,  _,Mn,VI  alloys.  The  ground  state  of  Mn2+  ions  in 
(Culn)] -.Mn^rTe?  for  temperatures  above  S  K  can  therefore 
also  be  taken  as  the  sixfold  degenerate  spin-only  6S  state. 

Another  parameter  which  comes  into  play  in 
(Culn)j  -.Mn^Te?  is  electrical  conductivity.  Unlike  the  wide 
band  gap  tli_,Mn,Vl  materials,  as-grown 
(Culn),-JMn2iTe2  alloys  have  significant  conductivities, 
with  typical  hole  concentrations  between  1017  and  1019 
cm'3.  The  presence  of  mobile  carriers  could  influence  the 
exchange  processes  between  the  Mn  ions,  thereby  affecting 
exchange  constants  and  the  temperature  dependence  of  spin- 
glass  transitions. 

The  similarities  and  differences  between 
(Culn),  .  jMo^Tej  and  the  wide  band  gap  D,  -,Mn,VI  alloys 
make  the  former  an  inviting  prospect  for  further  study.  In 
order  to  glean  more  information  about  exchange  and  spin 
freezing  in  these  DMS  systems,  we  have  measured  the  mag¬ 


netic  susceptibility  of  (Culn),  -,Mn2lTe2  for  concentrations 
0.01  *x  <0.101  and  temperatures  33  mK<7'<300  K. 

II.  EXPERIMENTAL  DETAILS 

The  (Culn)]  _xMn2xTe2  samples  used  in  our  experiments 
were  prepared  by  means  of  the  Bridgman  method.  All 
samples  were  polycrystalline  and  consisted  of  a  single  chal¬ 
copyrite  phase,  as  determined  by  x-ray  powder  diffraction. 
Concentrations  of  Mn  ions  were  determined  by  electron  mi¬ 
croprobe  for  four  samples  and  by  magnetic  measurements  in 
the  others.  In  all  cases,  the  experimentally  determined  x  val¬ 
ues  were  very  close  to  the  nominal  values.  Further,  the  mi¬ 
croprobe  measurements  also  determined  the  concentrations 
of  Cu,  In,  and  Te.  This  confirmed  that  Mn  did  replace  both  In 
and  Cu  in  the  host  lattice. 

For  the  dc  susceptibility  measurements  above  4.2  K,  a 
Cryogenic  Consultants  superconducting  quantum  interfer¬ 
ence  device  (SQUID)  magnetometer  was  used.  The  diamag¬ 
netic  susceptibility  of  the  undoped  host  CuInTe2  was  found 
to  be  -2.7X10-7  emu/g.  This  value  was  subtracted  from  all 
susceptibility  data.  For  33  mK<T«4.2  K,  ac  susceptibility 
data  were  obtained  by  using  a  dilution  refrigerator  fitted  with 
a  SQUID  susceptometer  running  at  26  Hz. 

To  determine  carrier  concentrations  (p),  the  samples 
were  cooled  to  77  K  and  the  Hall  voltages  were  measured  in 
magnetic  fields  up  to  1.8  T.  For  the  higher  p  values,  a  Linear 
Research  LR  400  ac  resistance  bridge  was  used  to  obtain  the 
Hall  voltages,  and  for  the  lower  p  values,  a  Keithley  Model 
225  current  source  and  a  Keithley  Model  181  nanovoltmeter 
were  used. 

HI.  RESULTS  AND  DISCUSSION 

The  susceptibility  x  of  DMS  materials  has  been  found  to 
show  Curie- Weiss  behavior  at  high  temperatures: 

*«C(x)/[r+6(x)].  (1) 

For  (Culn)i  _zMn2jITsj,  the  Curie  constant  per  mole  C(x)  is 
given  by 

C(x)=2xNA(gptl)1S(5+l)nkt,  (2) 
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FIG.  1.  Inverse  susceptibility  vs  temperature  for  (Culn),  samples 

with  *=0.01, 0.0244, 0.0538,  and  0.101.  The  straight  lines  are  Curie- Weiss 
fits  to  the  data. 


where  SA  and  kB  are  Avogadro’s  and  Boltzmann's  constants, 
fiB  is  the  Bohr  magneton,  g  is  the  electron  g  factor,  and  5  is 
the  spin  of  the  Mir*  ion. 

Assuming  a  random  distribution  of  spins,  the  Weiss  tem¬ 
perature  6(x)  is  given  by 

e(jr)  =  2*5(5+i)2  w3*»-  (3) 

p 

where  the  summation  index  p  designates  pth  neighbor  at¬ 
oms,  zp  is  the  number  of  such  neighbors,  and  7,,  is  the  cor¬ 
responding  exchange  parameter.  The  effective  nearest- 
neighbor  (NN)  exchange  parameter  is  defined  by 

Mdr=2  V,-  «> 

p 

where  x,  is  the  number  of  nearest  neighbors.  is  a  good 
approximation  of  the  NN  exchange  integral  7,  only  if  further 
neighbor  interaction  strengths  are  very  small  in  comparison 
to  7,. 

Figure  1  depicts  inverse  dc  susceptibility  vs  temperature 
data  for  the  four  samples  of  (Culn),  for  which  x 

was  determined  by  microprobe.  Curie-Weiss  behavior  is 
clearly  observed  for  x =0.0538  and  0.101,  giving  8  values  of 
-66  and  -131  K,  respectively.  Thus,  the  dominant  ex¬ 
change  interaction  between  Mn  ions  in  these  samples  is  an¬ 
tiferromagnetic.  At  low  temperatures,  there  is  a  downturn  in 
the  inverse  susceptibility,  indicative  of  the  formation  of  an- 
tiferromagnetically  bonded  clusters.  This  behavior  was  also 
seen  in  Cu,  _xMnxInTe2  for  x =0.09  and  0.12  (Ref.  6)  and  in 
standard  II- VI  DMS  materials. 

For  the  x  =0.01  and  0.0244  samples,  there  is  no  discern¬ 
ible  deviation  from  linearity  down  to  die  lowest  temperatures 
(~7  K),  and  very  small  8  values  (—0.2  and  -6.5  K)  are 
obtained.  Clearly,  total  exchange  strengths  in  these  samples 
are  very  small.  This  weak  exchange  coupling  at  lower  x  val¬ 
ues  was  also  seen  in  Cu,_,Mn,InTe,.6  It  should  also  be 
mentioned  that  values  of  5  for  the  Mn"  ion  were  calculated 


FIG.  1  Effective  ncareu-Ki|hbor  exchange  interaction  v»x  for  aeven! 
(Cula),  _, Ma^Te,  sxmpiet. 

for  each  of  the  four  samples  using  Eq.  (2),  with  g =2.02  (Ref. 
7).  The  average  value  of  5  was  2.42  ±  0.09,  which  is  very 
close  to  the  free  ion  value  of  5/2. 

In  Older  to  better  illustrate  the  behavior  of  the  exchange 
strength  as  x  is  varied,  we  have  plotted  in  Fig.  2  vs  x  for 
the  samples  used  in  Fig.  1,  as  well  as  several  other  samples. 
7*,  was  calculated  by  using  Eq.  (3).  For  x  =0.101  and 
0.0538,  we  obtained  7d^ts  values  of  -18  and  -19  K,  re¬ 
spectively.  Thus,  for  these  samples,  is  independent  of  x 
which  is  characteristic  of  randomly  dilute  magnetic  systems. 
However,  the  magnitude  (d  J  &  in  this  case  is  significantly 
larger  than  7,  values  in  the  Mn-based  pseudobinary  tellurides 
(6.3  K  <-7,/*#  <10.0  K).  Of  course,  7^,  includes  further 
neighbor  interactions,  which  could  be  stronger  in 
(QtIn),.IMn2ITh2  than  in  the  H,  ,Mn,Te  alloys.  Further, 
different  valence-band-edge  characteristics8’9  and  greater  dis¬ 
tortion  in  the  tetrahedral  bonds  in  (Culn),  .^Mn^Tei  may 
lead  to  a  higher  7,  (and  hence  7^)  value. 

At  lower  concentrations,  J&lkg  foils  off  rapidly  to  val¬ 
ues  dose  to  zero  in  a  manner  reminiscent  of  a  “threshold” 
effect.  This  effect  was  not  exhibited  by  II,  _,Mn,VI  materi¬ 
als,  as  shown  by  an  extensive  study  of  their  high-temperature 
susceptibilities.10  The  rapid  drop  in  7rf  could  be  the  result  of 
the  introduction  of  a  ferromagnetic  component  to  the  total 
exchange  at  low  x. 

The  RKKY  interaction  is  a  possible  vehicle  for  such  a 
ferromagnetic  coupling.  Shown  in  Fig.  3  are  preliminary  data 
for  7^,  vs  as-grown  bole  concentration  p  for  the  four  micro¬ 
probed  samples.  One  sees  that  the  sharp  reduction  in  7^ 
occurs  at  p~2.5xl019  cm'3.  Materials  such  as  Sn,_zMn,Te 
display  carrier-induced  transitions  from  paramagnetism  to 
ferromagnetism  due  to  the  RKKY  interaction,  albeit  at  some¬ 
what  higher  p."  In  order  to  better  establish  the  effect  of 
carriers  on  exchange  in  (Culn) ,  _ ,  Mn^lba  •  experiments  in¬ 
volving  the  variation  of  the  carrier  concentration  in  a  single 
sample  are  planned. 

Low-temperature  measurements  of  ac  susceptibility  for 
the  same  four  samples  reveal  cusps  which  are  interpreted  as 
spin-glass  transitions.  The  behavior  of  the  spin-freezing  tem¬ 
perature  Tf  as  a  function  of  x  gives  information  about  the 
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FIG.  3.  Jrf  vs  »*- grown  earner  concentration  for  four  samples  of 
(CUJnV,Mn2,7*2. 


spatial  dependence  of  the  exchange  interaction  J(R).'~3  In 
II— VI  based  alloys,  it  is  found  that  J(R)~R~",  with  n—7. 
Figure  4  shows  a  log-log  plot  of  T/  vs  x.  The  clashed  line 
passing  through  the  higher  concentration  points  corresponds 
to  n  =7.4.  The  fact  that  the  lower  concentration  points  lie  on 
a  line  of  significantly  smaller  slope  (a  =3.1)  suggests  that 
there  is  a  crossover  to  longer-ranged  exchange,  consistent 
with  the  RKKY  interaction.  Additional  samples  will  be  mea¬ 
sured  to  establish  if  there  is  indeed  a  crossover  to  a  longer- 
ranged  exchange  interaction  at  low  x,  and  if  this  crossover  is 
coincident  with  the  apparent  transition  in  J^,. 

Summarizing,  we  have  measured  the  magnetic  suscepti¬ 
bility  as  a  function  of  temperature  of  (Culn)i  _J,Mn2lTe2  for 
several  concentration  values.  For  x>0.05,  K 

and  is  independent  of  x.  In  the  vicinity  of  x  =0.025,  the 
magnitude  of  decreases  sharply,  indicating  a  sudden  tran¬ 
sition  to  much  smaller  exchange  strengths.  All  samples  ex¬ 
hibit  spin-glass  behavior,  and  an  analysis  of  the  7>vsx  plot 
indicates  a  possible  crossover  in  the  spatial  dependence  of 


Concentration  i 


FIG.  4.  Freezing  temperature  Tf  vs  concentration  x  for  (Culn),  .^Mn^Te,. 
The  different  slopes  of  the  lines  signify  a  possible  crossover  to  loogcr-range 
exchange  (shallower  slope)  at  lower  concentrations 

the  exchange  interaction  from  R~1A  to  R  3  '  behavior  at  low 
x.  Preliminary  Hall  effect  data  also  indicate  that  the  behavior 
of  may  have  been  induced  by  an  increase  in  the  free  hole 
concentration. 
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Relaxation  of  magnetization  in  Cd,  _xMnxTe  diluted  magnetic 
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Relaxation  of  tbermoremanent  magnetization  (TRM)  of  Cd,  _iMn,Te  diluted  magnetic 
semiconductors  (DMS)  in  the  spin-glass  state  have  been  studied  under  light  illumination.  The 
relaxation  of  TRM  can  be  described  well  by  a  power  law  decay,  Af(r)  =  M(r0)r'“  (r>r0,  r0~2  s). 
The  variations  of  the  decay  parameter  a  with  the  illumination  tight  intensity  has  been  measured  and 
a  relation  which  indicates  that  a  is  proportional  to  the  photogenerated  carrier  concentration  n  has 
been  observed. 


The  diluted  magnetic  semiconductors  (DMS)  are  a  group 
of  materials  which  have  attracted  a  great  deal  of  attention  for 
many  years  because  of  their  unique  properties  for  under¬ 
standing  many  fundamental  physics  as  well  as  their  promis¬ 
ing  practical  applications.1,2  The  magnetic  behavior  of  differ¬ 
ent  kinds  of  DMS  show  many  common  characteristics, 
which  can  be  understood  on  the  basis  of  a  random  array  of 
localized  magnetic  moments  coupled  by  isotropic  antiferro¬ 
magnetic  interaction.3  Many  aspects  of  this  interaction  be¬ 
tween  magnetic  ions  are  still  under  investigation.  One  of  the 
interesting  and  important  subjects  in  the  DMS  is  the  spin- 
glass  (SG)  state  at  low  temperatures.  It  is  well  established  in 
DMS  that  there  exists  a  paramagnetic  to  a  SG  transition  at 
low  temperatures  because  of  randomness  of  magnetic  ion 
distribution  and  spin-spin  interactions.  The  transition  tem¬ 
perature  or  freezing  temperature  T f  depends  on  magnetic  ion 
composition,4,5  magnetic  field,6  and  history  of  the  system. 
Although  some  work  has  been  devoted  to  study  SG  dynam¬ 
ics  in  the  DMS  previously,7-'0  the  understandings  of  the  dy¬ 
namic  process  of  SG  formation  and  transformation,  as  well 
as  the  relaxation  in  the  SG  state  are  still  far  from  complete. 

In  this  paper,  we  report  the  studies  of  the  relaxation  of 
thermoremanent  magnetization  (TRM)  of  Cd^Mn/Te  in 
the  SG  state  under  light  illumination.  A  power  law  time  de¬ 
pendence  of  TRM  relaxation  has  been  observed  and  the  de¬ 
cay  parameter  at  different  excitation  light  intensities  has  been 
measured.  The  main  results  reported  in  this  paper  are  the 
investigations  of  the  spin-spin  interaction  of  the  magnetic 
ions  in  the  SG  state  as  affected  by  photogenerated  electrons 
and  holes.  We  have  measured  TRM  under  light  illumination 
at  different  conditions  and  the  results  have  been  compared  to 
those  obtained  in  the  dark. 

The  sample  used  for  this  study  was  a  Cdo  74Mn0_26Te 
single  crystal  provided  by  Cleveland  Crystal,  Inc.  It  was 
grown  by  temperature  gradient  technique  and  nominally  un¬ 
doped.  However,  photoluminescence  measurements  of  a 
bound  exciton  transition  indicated  a  low  concentration  of 
impurities  in  the  samples.  The  size  of  the  sample  was  a  few 
cubic  millimeters.  The  magnetization  was  measured  by  a  su¬ 
perconducting  quantum  interference  device  (SQUID)  magne¬ 
tometer  (Quantum  Design  MPMS5).  In  order  to  study  the 
effects  of  photoexcitation  to  the  relaxation  of  TRM,  a  quartz 
fiber  optic  probe  was  used  with  the  SQUID.  The  fiber  optic 


probe  was  made  of  an  optic  fiber  bundle  with  a  diameter  of 
about  2  mm.  One  end  of  the  fiber  optic  probe  was  in  the 
sample  chamber  within  a  few  mm  from  the  sample  and  the 
other  end  was  outside  the  SQUID.  A  mercury  lamp  with  a  set 
of  neutral  density  filters  was  used  as  an  excitation  source. 

We  have  measured  the  susceptibility  of  a  Cd0  74Mn026Te 
sample  under  the  field-cooled  (FC)  and  zero-field-cooled 
(ZFC)  conditions  to  determine  the  freezing  temperatures  Tf 
of  the  SG  state.  The  data  show  that  Tf  is  about  4.2  ±  0.2  K, 
which  is  consistent  with  previous  measurements.5-1"  In  this 
paper,  we  only  report  relaxation  of  TRM  in  the  SG  state,  or 
at  temperatures  below  Tf .  We  did  not  observe  any  remanent 
magnetization  above  Tf. 

Figure  1  is  the  plot  of  relaxation  of  magnetization  at 
f=1.7K  and  measured  at  ff  =  100  Oe.  The  experiment  was 
performed  by  cooling  down  the  system  with  the  magnetic 
field  on  (ff  =  1  T),  i.e.,  under  FC  condition,  then  by  reducing 
the  field  toff  =  100  Oe  after  the  temperature  has  reached  1.7 


t  (s) 


PIG.  1.  Decay  of  magnetic  susceptibility  of  TRM  of  a  CdojgMuojgTe 
sample  in  die  dark  and  under  illumination  in  the  spin-glass  state  at  T~  1.7  K 
measured  at  a  magnetic  field  of  =  100  Oe.  The  arrow  indicates  the  moment 
the  light  illumination  was  tamed  on.  The  applied  magnetic  field  during  tin 
cooling  down  was  1  T. 
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I  FIG.  2.  Decay  of  magnetic  susceptibility  of  TRM  of  a  CU,  ,,Mrv,  ^Te 

■  sample  in  the  dvfc  (444)  and  under  iHuminstion  (OOO)  at  r- 17  K 

j  measured  at  a  magnetic  field  of  B  - 100  Oe.  The  solid  lines  are  the  least 

[  squares  fit  by  the  power  law  decay  of  Eq.  (1). 


K.  Shown  in  Fig.  1  is  an  initial  decay  measured  in  the  dark 
for  about  300  s  and  a  subsequent  decay  measured  after  the 
moment  the  light  excitation  was  turned  on  as  indicated  by  an 
arrow  in  the  figure.  As  we  can  see  from  Fig.  1,  the  decay  of 
the  magnetization  under  illumination  proceeds  faster  com¬ 
pared  to  that  in  the  dark. 

Figure  2  shows  the  results  of  relaxation  of  magnetization 
measured  at  100  Oe  in  the  dark  (•••)  and  under  illumina¬ 
tion  (OOO)  at  r=1.7  K  for  a  Cc^74 Mi^Te  sample  to¬ 
gether  with  a  least-squares  fit  using  a  power  law  decay  (solid 
lines).  We  have  to  point  out  that  the  initial  condition  for  the 
relaxation  depends  on  the  waiting  period  before  the  measure¬ 
ment.  In  order  to  minimize  the  difference  in  the  initial  con¬ 
dition,  we  begin  to  collect  the  relaxation  data  under  illumi¬ 
nation  and  in  the  dark  at  the  same  time  so  that  direct 
comparison  between  two  cases  can  be  made  here.  Previously, 
a  power  law  decay  of  magnetization  in  DMS  has  been 
observed.12  Here,  we  also  find  that  the  experimental  results 
shown  in  Fig.  2  can  be  described  quite  well  by  a  power  law 
decay, 

M(t)=M0t~a(t>t0,tg~2  s),  (1) 

both  in  the  dark  and  under  illumination,  where  a  is  the  decay 
parameter.  The  fitted  values  in  Fig.  2  are  a=2.6X10-2  and 
5.4X102  and  A#0=9.9xlO~6  and  9.4X10' 6  emu/g  for  the 
conditions  in  the  dark  and  under  illumination,  respectively. 
The  decay  parameter  a  is  directly  correlated  with  the  decay 
rate.  Therefore,  the  experimental  results  indicates  that  the 
decay  rate  is  about  a  factor  of  2  larger  under  illumination 
^  than  that  in  the  dark. 

.  Figure  3  are  the  plots  of  decay  parameter  a  as  a  function 

■  of  temperature  in  tire  dark  (OOO)  and  under  illumination 

(•••)  for  Cd074Mn0J26Te.  The  decay  parameter  a  de- 
j  creases  linearly  with  increasing  of  temperature  for  both 

4  cases.  At  all  temperatures,  the  magnetization  relaxes  faster 
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FIG  3.  The  decay  parameter  a  as  a  function  of  temperature  in  the  dark 
(OOO)  and  under  the  illumination  (#44)  for  a  CdOT4Mn02&Tc  sample. 
The  aotid  tinea  are  (he  least-squares  fit  using  a^a-bT,  where  a  is 
3.8X10'2  and  8.7X10-2  and  b  is  9.0X1(TJ  and  1.9xlO'2/K  in  die  dark 
and  under  illumination,  respectively.  Extrapolate  these  two  lines  to  a=0 
gives  7y=4.2  *  0.2  and  4.5  ±  0.2  K  for  the  dark  and  under  illumination, 
respectively. 


under  illumination  compared  to  that  in  the  dark.  The  differ¬ 
ence  between  a  under  illumination  and  in  the  dark  becomes 
smaller  as  temperature  approaches  to  Tf-  Eventually,  a  ap¬ 
proaches  to  zero  at  the  freezing  temperature  T j .  Dependence 
of  a  cm  temperature  T  can  be  described  by  a  linear  relation, 
a-a-bT  ( T<Tf ).  Extrapolating  from  cr=0,  we  obtain  Tf 
to  be  4.2  ±  0.2  and  4.S  ±  0.2  K  in  the  dark  and  under 
illumination,  respectively.  We  have  also  measured  the  mag¬ 
netization  of  ZFC  vs  temperature  under  illumination  and  in 
the  dark,  we  cannot  determine  whether  or  not  Tf  has  been 
changed  under  illumination  because  the  difference  between 
the  values  of  Tf  in  the  dark  and  under  illumination  is  within 
the  experimentid  uncertainty.  However,  the  values  of  Tf  ex¬ 
trapolated  from  a=0  in  Fig.  3  are  consistent  with  the  freez¬ 
ing  temperature  T/i-i.2  ±  0.2  K)  obtained  from  the  PC 
susceptibility  measurement  within  the  experimental  uncer¬ 
tainty.  The  results  in  Fig.  3  tells  us  that  we  can  also  deter¬ 
mine  the  freezing  temperature  Tf  of  the  SG  state  by  measur¬ 
ing  the  temperature  dependence  of  the  relaxation  parameters 
of  magnetization. 

We  have  also  measured  the  decay  parameter  a  of  TRM 
at  a  fixed  temperature  (T=2  K)  under  photoexcitation  with 
different  light  intensities.  Figure  4  shows  a  plot  of  a  vs  the 
square  root  of  excitation  light  intensity,  /  .  The  magnetic 
field  for  the  measurements  was  100  Oe  and  the  field  applied 
during  the  cooling  down  was  1 T.  As  we  expected,  the  expo¬ 
nent  a  increases  as  light  intensity  increases.  Relaxation  of 
magnetization  obtained  under  illumination  with  different 
light  intensities  can  be  described  quite  well  by  the  power  law 
decay.  We  see  that  a  increases  linearly  with  the  square  root 
of  light  intensity,  or «/!/2.  The  insert  of  Fig.  4  shows  a  vs 
light  intensity  /. 

One  obvious  mechanism  which  may  be  responsible  for 
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FIG.  4.  Dependence  of  the  decay  parameter  a  of  TRM  on  the  square  root  of 
exdtatioa  light  intensity  /in  foe  x  Cd,,  ,4Mfy _*Tc  sampie  at  7-2  fc  Here 
/* 0  corresponds  to  the  dark.  The  solid  line  in  the  figure  is  the  linear  fit  of  a 
with  ltn  according  to  Eq.  (4)  with  fitted  values  Sol*  1.S7X10"2)  and 
J9j(“3.68x  10^3).  The  insert  is  the  plot  of  a  vs  light  intensity  I.  The  unit  of 
the  light  intensity  /  in  the  inset  is  in  0.25  W/crn:  and  of  !in  in  the  main 
figure  is  in  0.05  WT'em  The  scales  of  a  arc  the  same  for  bath  the  main 
figure  and  the  inset. 


the  observed  light  intensity  dependence  of  a  is  the  besting 
effect  under  light  excitation.  However,  the  systematic  depen¬ 
dence  of  a  on  the  excitation  intensity  cannot  be  explained  by 
considering  the  heating  effects.  Furthermore,  from  Fig.  3,  we 
see  that  the  decay  parameter  a  decreases  as  temperature  in¬ 
creases  in  the  temperature  region  investigated  here.  If  the 
changes  of  a  under  light  excitation  is  due  to  heating,  we 
should  expect  that  a  decreases  as  light  intensity  increases, 
which  has  never  been  observed.  These  observations  preclude 
the  possibility  of  heating  effects.  Therefor’  we  can  conclude 
that  the  observed  decay  rate  increasing  ur'-.cr  light  excitation 
is  due  to  photoexcited  carriers.  It  is  clear  from  our  experi¬ 
mental  results  that  the  mechanism  responsible  for 
manganese-ion  coupling  in  DMS  is  carrier  concentration 
sensitive. 

Under  photoexcitation,  free  or  localized  carriers  (elec¬ 
trons  and  holes)  are  generated  and  subsequently  recombined 
radiatively  or  nonradiatively.  Photoluminescence  due  to  car¬ 
rier  recombination  in  DMS  has  been  observed  in  many 
experiments.13,14  The  electron  concentration  under  illumina¬ 
tion  can  be  written  as 


dn 

~T  =G-Cnplr, 


(2) 


where  r  is  the  carrier  recombination  lifetime,  n  and  p  the 
electron  and  hole  concentrations,  and  C  a  proportionality 


constant  in  units  of  cm3.  Here  C  is  the  carrier  generation  rate 
writing  as  G  -  a,  ijllhai,  with  hut  being  the  excitation  pho¬ 
ton  energy,  /  the  light  intensity  in  units  of  W/cm3,  a,  the 
absorption  coefficient,  and  the  quantum  efficiency — 
number  of  electrons  generated  per  each  absorbed  photon. 
Under  continuous  and  constant  intensity  light  illumination, 
the  pbotogeneraied  electrons  and  holes  will  be  under  equilib¬ 
rium  and  so  we  have  dn/dt=Q.  We  should  also  have  the 
condition  n=p  since  our  samples  are  undoped.  Then  we 
have 

n  =  (GT/C)1/3=A/l,31  (3) 

with  A=(ra,IChot)111.  From  the  fact  that  the  relaxation  of 
magnetization  proceeds  faster  under  illumination,  we  can  as¬ 
sume  that  the  relaxation  rate  of  magnetization  is  proportional 
to  the  carrier  concentration  through  the  carrier-manganese 
ion  interactions, 14  a«n.  From  Eq.  (3),  we  have 

a=BB+Bxlm,  (4) 

where  B0  is  the  decay  parameter  a  in  the  dark  (7=0),  and  B, 
(in  units  of  cm/W1A)  is  a  proportionality  constant.  In  Fig.  4, 
we  have  plotted  the  least-squares  fit  of  data  to  Eq.  (4)  as  a 
solid  line. 

In  conclusion,  effects  of  carriers,  which  are  generated  by 
photoexcitation,  to  the  relaxation  of  TRM  of  SG  in 
Cdq  yaMno  j^Te  DMS  have  been  studied.  A  power  law  decay 
both  in  the  dark  and  under  illumination  has  been  observed. 
The  decay  parameter  a  as  a  function  of  light  intensity  has 
been  measured  at  different  temperatures.  We  found  that  the 
decay  parameter  under  illumination  increases  linearly  with 
the  pbotogeneratcu  carrier  concentration.  More  detailed  ex¬ 
perimental  results  and  discussions,  including  the  results  for 
different  Mn  concentrations,  will  be  reported  elsewhere. 
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The  magnetization  (Af)  in  IV-VI  based  diluted  magnetic  semiconductors  is  expressed  as  a  sum  of 
contributions  due  to  isolated  impurities,  pair  interactions,  lattice  diamagnetism,  and  spin  density  due 
to  carriers.  We  calculate  the  contribution  of  each  of  these  mechanisms  for  p-type  PbI_IMn,Te  for 
different  x  and  magnetic  field  (H)  and  compare  the  results  with  experiment. 


Diluted  magnetic  semiconductors  (DMS)  have  attracted 
considerable  attention  in  recent  years  due  to  the  interplay  of 
magnetism  and  semiconductor  physics  as  well  as  the  fact  that 
these  materials  are  technologically  important.1'3  While  a 
considerable  amount  of  work  has  been  done  on  the  DMS 
based  on  II- VI  compounds,  only  recently  has  attention  been 
drawn  to  IV-VI  bared  DMS.  The  interesting  properties  ex¬ 
hibited  by  these  systems  include  carrier-induced 
ferromagnetism,4'7  anisotropic  g  factors,8  and  magnetization 
(A/).*'12  Hitherto,  the  theoretical  effort  to  calculate  M  of 
IV-VI  DMS  has  been  restricted  to  empirical  formulas.  For 
example,  the  only  known  calculation  of  M  of  Pbl.,Mn,Te 
has  been  done  by  Anderson  etaL 12  They  have  used  three 
fitting  parameters  in  the  two-spin  cluster  model  of  Bastard 
and  Lewiner13  to  calculate  the  contributions  due  to  isolated 
impurities  (Ms)  and  pair  interactions  (Up).  They  have  ig¬ 
nored  the  contribution  of  spin  density  of  carriers  (Mc)  and 
calculated  the  diamagnetic  contribution  (Af,,)  from  the  ex¬ 
perimental  value  of  diamagnetic  susceptibility  Ofa,)  of  Pb  Te 
thereby  neglecting  the  compositional  dependence. 

In  the  present  work,  we  have  calculated 
and  Uc  of  Pb)  _xMnxTe  from  first  principles  without  using 
any  adjustable  parameters.  We  have  analyzed  the  relative 
contributions  of  the  four  mechanisms  with  the  variation  of 
the  Mn  concentration  (x)  and  the  magnetic  field  strength 
(H). 

A  system  of  randomly  distributed  spins  in  the  presence 
of  an  external  magnetic  field  H  is  described  by  the  Hamil¬ 
tonian 

w-  -gM*s,Hs(-s;y(/sl.s/,  «) 

where  g  is  the  g  factor  of  the  impurity  atom,  rig  is  the  Bohr 
magneton,  and  Jtj  is  the  strength  of  the  coupling  between 
spins  on  sites  i  and  j.  Assuming  the  spins  to  be  identical  and 
neglecting  quadratic  terms  in  fluctuations,  Eq.  (1)  can  be 
written  in  the  form 

«-  -g/igl^tS^Hj^XS/,),  (2) 

where 

H*,i“H+2l(,gfsl)3.'lJlj(Sj[).  (3) 

In  the  molecular  field  approximation,  the  Hamiltonian 
for  a  single  impurity  spin  is  given  by 

~8P.tS!Ha!.  (4) 


In  the  virtual  crystal  approximation,  is  independent  of 
position.  The  average  spin  has  to  be  chosen  self-consistcntly 
from 


(Sz),  =  Pt(x) 


S  {txpifigunSJH^s}/ 


2  txj>(pgp.BSzHea) 
«--s 


(5) 


where  we  have  used  the  relation  S,|s)=x|s),  and  P,(x)  is 
the  probability  of  finding  an  isolated  spin,  which  for  a  fee 
lattice  is  (1-x)12.  M,  is  obtained  from  the  expression 
M,=xNogiig(Sz)z ,  where  N0  is  the  number  of  unit  cells  in 
the  crystal.  After  some  algebra,  we  obtain 

M,=MgSx(l-x)liBs((),  (6) 

where  Af0=g/x*Af0,  P~(hBT)~] ,  (=g/xBHS/(T+T0), 
T0-  —2TJ(Sz)/g/tgH,  and  B,{()  =  (2S+  l)/(2S)coth{(2S 
+  1)/(2S)£}-  l/(2S)coth{f!(2S)}. 

It  was  shown  by  Bastard  and  Lewiner13  that  even  for 
small  x  in  HglxMnxTb,  the  contribution  from  pairs  of 
closely  spaced  Mn  ions  are  important.  We  shall  use  their 
model,  which  is  a  self-consistent  two-spin  cluster  approxi¬ 
mation,  for  Pb,_xMnxTe.  The  Hamiltonian  describing  the 
correlated  motion  of  the  pair  is 


W,=  -gp.g(Siz+Sj!)H'B-i;,JliSrSi .  (7) 

By  following  a  procedure  similar  to  that  used  in  Ref.  13,  it 
can  be  easily  shown  that 


M„=M 


O' 


2 


5-0 


cxtifiJpS(S+  l)]S*,(f)sinh[(2S 


+  l)/(2S)fl 


"■M 

2  exp[^/p5(5+l)] 
s-o 


Xsinh[(2S+  l)/(2S)f] 


6x2(1-x)18. 


(8) 


The  contribution  due  to  lattice  diamagnetism  is  obtained 
from  the  expression  Mg=xe^<  where  &  is  the  diamagnetic 
susceptibility.  We  have  obtained  Xe  *>y  using  the  general  for¬ 
mula  for  magnetic  susceptibility  of  Bloch  electrons  derived 
by  Misra  and  co-workers.14'16  Since  we  are  interested  in 
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calculating  the  magnetization  of  Pb,.1MnxTe<  we  consider 
the  host  crystal  PbTe  which  is  a  direct  band  gap  semiconduc¬ 
tor  with  the  minimum  energy  gap  occuring  at  the  L  point  of 
the  BriUouin  zone.  We  use  Mitcfaell-Wallis17  basis  functions 
and  Bemick-Kleinman  ordering18  for  the  six  levels  near  the 
minimum  energy  gap.  We  first  assume  a  two-band  model  and 
consider  the  Brillojin  zone  as  consisting  of  four  spheres  lo¬ 
cated  at  four  inequivalent  L  points.  The  radius  of  each  sphere 
is  determined  from  the  formula19  k0=[2(mc+ mJ^Eg]'11, 
where  mc  and  m„  are  the  effective  masses  of  the  conduction 
and  valence  band  edges,  respectively,  and  Eg  is  the  energy 
gap.  The  band-edge  states  are  diagonalized  exactly  and  the 
other  states  are  obtained  within  the  framework  of  a  k-tr 
model  developed  by  us20-24  summarized  here.  We  consider 
the  eigenvalue  equation 

(Ho+tf ')*=£&  W 

where  W0=  rr2  2m  +  V(r),  H’  =(h/m)k-ir+h2k2/2m,  and 
ik  stands  for  the  perturbed  band-edge  states.  We  diagonalize 
the  Hamiltonian  for  the  conduction  and  valence  band-edge 
states  to  obtain 

/I  +  W\l/2t_  2  m(ft/m)sk, 

^  (  2 W  )  Lt2a~Ec[ W(l  +  W)],/7 

2m(h/m)tk+  w  +  „ 

li  +  wVn.- 2  mW*)skz 

*2  \  2 W  )  L6!^+EG[W(l  +  W)]'/2 

2u2(A/m)tk-  ,  + 

+£C[W(1  +  W)]l/2  Li‘a’ 

l1  +  w\‘/2.+  .  2  ,n(A/m)skz 

*3  =  \  2 W  I  t61“+£c[W(l  +  W)]1/2 

21,2(ft/m)r*+ 

£C[H'(1  +  W)]I,J 

,  ll  +  WV'2.+  „  2u\hlm)Skl 

V<  |  2W  I  £C[W(1  +  W)]I/2 

2ll2(hlm)tk- 

_£C[W(1  +  W)]I/J  Lb2<t' 

where 

W= [  1  +  (2  h2s2lm2E2G)kl+ (4  tH2/m2E2G)k2z]'12 

and  £52(0,/?)  and  are  the  Kramer’s  pairs  for  the 

conduction  and  the  valence  band-edges  respectively.  The  in¬ 
teraction  of  the  iff  s  with  the  far  bands  are  treated  up  to  sec¬ 
ond  order  in  a  k- it  perturbation  theory.21 

The  effect  of  Mil  atoms  is  considered  through  the  modi¬ 
fied  energy  gap  as  a  function  of  Mn  concentration.25  Xd  for 
different  concentrations  of  Mn  was  calculated  by  using  these 
k-w  parameters  in  the  general  theory  of  Misra  et  a/. 14,15-21 
For  PbTe,  we  obtained  *>=-2-6xl0-7  emu/g  which  com¬ 
pares  favorably  with  the  experimental  results.26 

The  contribution  to  the  magnetization  due  to  the  spin 
density  of  carriers  is 
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H  (Tesla) 

FIG.  1.  Magnetization  vs  external  magnetic  field  for  Pb,  .^Mn/Te  for  dif¬ 
ferent  values  of  x  and  for  a  bole  concentration  of  5xl0w/cm3  at  4.2  K.  The 
closed  circles  (•),  open  circles  (O),  and  closed  triangles  (A)  represent  the 
experimental  results  of  Anderson  et  aL  (Ref.  12)  and  the  solid  curves  3,  2, 
and  1  represent  our  theoretical  results  for  x  =0.01,  0.022,  and  0.04,  respec¬ 
tively. 


Me=(na-np)p.B,  (11) 

and  (na— nfi)  is  the  spin  density.  In  order  to  calculate  the 
spin  density  due  to  holes,  we  consider  the  splitting  of  the 
valence  band  by  an  exchange  interaction  of  the  type8 

Ht\~  V2xN0(S‘‘)(rliJ(r ),  (12) 

where  p.  represents  Cartesian  components,  J  is  the  exchange 
interaction  strength,  a  is  the  Pauli  spin  matrix,  and  repeated 
indices  imply  summation.  The  spin  density  is  evaluated  self- 
consistently,  using  a  cylindrical  Fermi  surface  for  the  holes/1 

We  have  used  the  values  of  Jp  and  T0  from  Ref.  12.  The 
energy  levels  and  amplitudes  of  double  group  functions17 
were  used  from  Ref.  18.  The  momentum  matrix  elements 
between  the  single  group  wave  functions  were  obtained  from 
Ref.  24.  The  matrix  elements  involving  exchange  interaction 
J(r)  between  the  band-edge  states  were  obtained  from  Ref. 
27.  Our  results  for  the  total  magnetization  vs  external  mag¬ 
netic  field  as  a  function  of  Mn  composition  are  plotted  in 
Fig.  1.  The  corresponding  experimental  results12  are  also 
shown  in  Fig.  1.  The  relative  contributions  to  M  in  p- type 
Pbj  jMn/Te  for  different  values  of  x  and  for  a  hole  density 
of  5X1018  cm-3  are  given  in  Table  I.  We  notice  that  while 
M,  is  the  dominant  term,  Md  and  Mp  are  equally  important. 
However,  Mc  is  relatively  small. 

The  most  significant  aspect  of  our  results  is  that  the  theo¬ 
retical  values  of  M,  which  have  been  calculated  from  first 
principles  without  any  adjustable  parameters,  do  not  agree 
with  the  experimental  values  when  either  the  concentration 
of  Mn  ions  is  very  small  or  the  magnetic  field  is  high.  Sur¬ 
prisingly,  our  results  agree  quite  well  for  x=0.04  up  to  large 
magnetic  fields.  The  general  trend  of  our  results  follow  the 
same  pattern  as  the  experimental  results.  However,  the  dis¬ 
agreement  for  x=0.01  and  x=0.02  for  high  magnetic  fields 
is  quite  large.  It  is  interesting  to  note  that  similar  pronounced 
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X 

H 

M, 

M, 

Me 

0.01 

1 

0.184 

0.003 

-04)18 

0.000  31 

0.169 

0.225 

5 

0.594 

0.019 

-0.093 

0.00079 

0.521 
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10 

0.702 

0.046 
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0.00087 

0368 

1.148 

15 
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0.00088 

0325 

1389 
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0393 

Qi»l 

-0.015 

0.00074 

0.410 

0315 
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1.178 
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-0.075 

0.00190 

1.279 

1.739 

10 

1353 

0.286 

-0.149 

0.00208 

1.492 
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15 

1390 

0314 
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0.00211 

1.482 
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0326 
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0394 
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-0.116 

0.00418 

2311 

2.769 

.  15 

2315 

0.741 

-0.174 

04)04  24 

2386 

2.998 

■Reference  12. 


disagreement  between  theory  and  experiment  was  repeatedly 
observed  for  II- VI  DMS13  even  for  x =0.008  and  higher 
concentrations. 

It  may  be  noted  that  the  number  of  paired  spins  is  very 
small  at  low  concentrations  of  Mn  and  the  pairs  are  essen¬ 
tially  frozen.  Therefore  Mp<SM,  until  either  the  concentra¬ 
tion  increases  or  the  magnetic  held  becomes  substantially 
high.  However,  the  long-range  interaction  between  localized 
spins  arises  from  the  virtual  transitions  between  the  filled 
valence  band  and  the  empty  conduction  band.  The  energy 
levels  in  these  bands  become  quantized  (Landau  levels)  in 
high  magnetic  fields  and  there  is  also  a  first-order  exchange 
shift.  These  will  strongly  affect  the  results  of  Mp  when  the 
magnetic  field  increases  even  when  the  Mn  concentration  is 
low. 

We  further  note  that  Mp  has  been  calculated  in  a  two- 
duster  spin  approximation  which  contributes  very  little  at 
small  x  and  low  H.  However,  if  there  are  a  few  larger  clus¬ 
ters  formed  during  the  processing  of  the  IV- VI  DMS,  their 
contribution  to  M  would  be  very  significant.  We  believe  that 
the  statistical  mechanics  of  random  spins28  should  be  consid¬ 
ered  for  a  more  rigorous  calculation  of  M,  and  Mp . 
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Effects  of  oxygon  vacancies  on  magnetic  properties  of  Ca-substttuted 
yttrium  iron  garnet  (abstract) 

Y.  J.  Song,  R.  E.  Bomfrsund,  G.  B.  Turpin,  and  P.  E  Wigan 

Department  of  Physics,  Ohio  Stole  University,  Cotumbus,  Ohio  43210 

Ca-substituted  YIG  samples,  Y3_ICatFejO12_0.5i-.,  for  0.14«a«0.23  were  annealed  for  6-8  b  at 
various  temperatures  between  600  “C  and  1000  °C  in  N2  atmosphere.  The  magnetization  barely 
shows  any  change  by  annealing  under  900  °C  but  by  annealing  between  900  *C  and  1000  *C  a 
significant  change  over  the  temperature  range  from  4.2  K  to  the  Curie  temperature  is  observed.  The 
lattice  constant  is  also  observed  to  change.  The  magnetization  and  the  lattice  constant  of  the  samples 
did  not  change  within  experimental  error  by  annealing  in  atmosphere  at  1000  *C.  For  the  sample 
with  x=0.23,  annealing  at  1000  °C  in  resulted  in  a  decrease  of  4 stU  at  42  K  by  560  G  and  a 
decrease  of  the  lattice  constant  by  0.031  A.  The  Curie  temperature  also  changes  from  531  K  in  the 
as-grown  sample  to  508  K  for  this  annealing  condition.  The  change  in  4 mV  for  various  annealing 
conditions  is  linear  with  the  change  in  the  lattice  constant.  For  the  samples  tested,  the  oxygen 
vacancies,  z,  in  the  as-grown  state  shows  z> 0  and  that  z  did  not  change  by  annealing  in 
atmosphere.  A  microscopic  molecular  field  model  based  on  the  Heisenberg  Hamiltonian  in  which  a 
singly  charged  oxygen  vacancy,  Vg,  mediates  a  ferromagnetic  superexchange  between  the  iron  ions 
at  adjacent  sites  is  proposed.  The  model  explains  die  temperature  dependence  of  4nM,  the 
magnitude  of  superexchange  constant  mediated  by  Vg  and  the  variation  of  the  Curie  temperature 
with  annealing  conditions.  This  model  also  explains  the  positive  slope  of  4nM  at  low  temperature 
for  Ca-substituted  YIG. 
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Magnetic  Recording:  Frequency, 
Spatial,  and  Tribological  Effects 


J.-G.  Zhu,  Chairman 


THbologteai  studies  of  sWcon  for  magnetic  recording  applications  (Invited) 

Bharat  Bhuahan  and  Was  N.  Koinkar 

Computer  Microtribology  end  Camtemmadoa  Laboratory,  Department  of  Mechanical  Engineering, 

The  Ohio  Sate  Umvenity,  Columbia,  Ohio  43210-1107 

In  the  present  study  our  objective  is  to  investigate  whether  the  friction  tad  wear  performance  of  bare 
silicon  is  adequate  far  disk  drive  application  or  whether  certain  coatingtfieaimeiits  are  necessary  for 
low  friction  sad  wear.  MacrotribciogicaJ  experiments  have  beat  performed  with  various  pin/siider 
materials  and  magnetic  disks  in  a  modified  disk  drive.  Microtribological  studies  have  also  been 
conducted  on  silicon  using  a  friction  force  microscope.  Based  on  maaotests,  we  found  that  the 
friction  and  wear  performance  at  bare  silicon  is  not  adequate.  With  single  and  polycrystalline 
silicon,  transfer  of  amorphous  carbon  from  the  disk  to  the  pin/slider  and  oxidation-enhanced  fracture 
of  pin/stider  material  followed  by  oxidation  of  the  transfer  coating  (tribochemkal  oxidation)  is 
responsible  for  degradation  of  the  sliding  interface  and  consequent  friction  increase  in  ambient  air. 

With  dry-oxidized  or  plasma-enhanced  chemical-vapor  deposition -SiO^-coated  silicon,  no 
significant  friction  increase  or  interfacial  degradation  was  observed  in  ambient  air.  In  the  absence  of 
an  oxidizing  environment  (in  dry  nitrogen),  the  coefficient  of  friction  decreased  from  0.2  to  0.0S 
following  amorphous  carbon  transfer  for  the  materials  tested.  Nanosaatching/naitowear  and 
nanoindentation  studies  also  indicate  that  coated  silicon  is  superior  to  bare  silicon.  Macro-  and 
microcoefficient  of  friction  values  of  all  samples  is  found  to  be  about  the  same  with  the  microvalues 
lower  than  the  macrovalues.  Based  on  this  study,  we  conclude  that  coated  silicon  is  an  excellent 
candidate  for  die  construction  of  magnetic  bead  sliders. 


I.  INTRODUCTION 

The  advantages  of  miniaturization  and  low  cost  are  re¬ 
sulting  in  an  increasing  use  of  silicon  (Si)  as  a  mechanical 
material.1,2  Read-write  sliders  made  of  silicon  have  been  fab¬ 
ricated  using  integrated  circuit  technology.3,4  Integrated  cir¬ 
cuit  technology  offers  the  advantages  of  low  cost  and  high 
volume  production.  However,  limited  data  exist  on  the  tribo¬ 
logical  behavior  of  Si  as  to  be  used  in  the  disk  drives.4'9  In 
the  present  study  our  objective  is  to  evaluate  the  friction  and 
wear  performance  of  Si  with  and  without  coatings  and  sur¬ 
face  treatments,  in  sliding  contact  with  lubricated  and  unlu¬ 
bricated  amorphous  carbon  coated  thin-film  disks  for  poten¬ 
tial  use  as  a  slider  material.10  Results  from  experiments 
performed  with  commonly  used  slider  materials  (AljOj-TiC 
and  Mn-Zn  ferrite)  are  also  presented  for  comparison. 

lb  further  understand  the  tribological  properties  of  Si 
material,  microtribological  tests  were  conducted  on  the  bare 
and  treated  Si.  Nanoscratching/wear,  nanoindentation,  and 
microfriction  measurements  have  been  made  using  a  friction 
force  microscope."'13  Results  of  macro-  and  microtribologi¬ 
cal  studies  are  the  subject  of  this  paper. 

I.  EXPERMENTAL 

Macrotribokrgica]  experiments  have  been  performed 
with  various  pin/slider  materials  and  magnetic  disks  in  a 
modified  disk  drive.3  The  normal  load  used  in  the  experi¬ 
ments  was  0.15  N  and  the  sliding  speeds  at  track  radii  rang¬ 
ing  from  45  to  55  mm  varied  from  0.9  to  1.2  m/s.  At  these 
speeds  the  pin  remained  in  contact  throughout  the  period  of 
testing  to  simulate  start/stop  conditions . 


Microtribological  experiments  have  been  performed  us¬ 
ing  a  friction  force  microscope  (FFM),  to  conduct  studies  of 
scratching,  wear,  indentation,  and  friction.11,13  Simultaneous 
measurements  of  friction  force  and  surface  roughness  can  be 
made  using  this  instrument.  A  single-crystal  natural  diamond 
tip  was  used  for  nanoscratch,  nanowear,  and  nanoindentation 
measurements  at  relatively  higher  loads  (10-150  /iN).  The 
tip  was  ground  to  the  shape  of  a  three-sided  pyramid  with  an 
apex  angle  of  80°  whose  point  was  sharpened  to  a  radius  of 
about  100  nm.  The  tip  was  mounted  on  a  stainless  steel  beam 
with  a  normal  stiffness  of  about  25  N/m.12,13  A  microfabri- 
cated  SijN4  tip  on  a  beam  with  a  stiffness  of  0.4  N/m  (at  a 
normal  load  10-150  nN)  was  used  for  topographic  imaging 
and  friction  force  measurements.  The  tip  was  square  pyrami¬ 
dal  with  a  tip  radius  of  about  30  nm. 

For  scratching  and  wear,  the  sample  was  scanned  in  a 
direction  orthogonal  to  the  long  axis  of  the  cantilever  beam 
at  a  scanning  speed  of  1  penis.  For  wear,  an  area  of  2  pmX2 
pm  was  scanned.  The  operation  procedures  tor  nanoindenta- 
tion  were  similar  to  those  used  for  nanowear  except  that  the 
scan  size  was  set  to  zero  in  the  case  of  nanoindentation,  in 
order  for  the  tip  to  continuously  press  the  sample  surface  for 
about  2  s.  Sample  surfaces  were  scanned  before  and  after  the 
scratch,  wear  or  indentation  to  obtain  the  initial  and  the  final 
surface  topography  at  a  load  of  about  0.5  ftN,  over  an  area 
larger  than  the  affected  region  to  observe  the  scratch  or  wear 
scars  or  indents.  Nanohardness  was  calculated  by  dividing 
the  indentation  load  by  the  projected  residual  area.  For  mea¬ 
surement  of  friction  force,  the  sample  was  scanned  over  500 
nmXSOO  am  area  in  a  direction  orthogonal  to  the  long  axis 
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Revolutions  <xl«»  Revolutions 

I  FIG.  1.  Variation  of  tbc  coefficient  of  friction  with  Dumber  of  slitting  cycles 


in  ambient  sir  (s)  AJjOj-TfC  pie  sad  slider  against  s  lubricated  dak,  lb)  Si 
(111)  pin  against  a  lubricated  and  uskbricated  disk,  (c)  dry-oxidized  Si  pin 
against  a  lubricated  disk,  (d)  Si  (111)  against  a  lubricated  disk  in  ambient  air 
and  dry  nitrogen. 


of  the  cantilever  beam  with  a  scan  rate  of  5  Hz  (scanning 
speed  of  5  /un/s). 

The  disks  used  in  the  macroexperiments  were  commer¬ 
cially  available  130-mm-diam  thin-film  rigid  disks.3  The  un¬ 
lubricated  disks  did  not  contain  the  lubricant  coating.  The 
pins  and  wafers  used  in  the  macroexperiments  were  made  of 
single  and  polycrystalline  Si,  Mn-Zn  ferrite,  and  AI203-TiC.5 
Single-crystal  Si  of  (111),  (110),  and  (100)  orientations  were 
tested.  The  grain  size  of  the  polycrystalline  Si  samples  was 
about  S  mm.  Commercial  full  size  sliders  (rail  dimensions: 
3.6  mmX0.4  mm)  were  also  used  in  the  experiments.10  Be¬ 
sides  virgin  silicon  pins,  thermally  oxidized  (under  both  wet 
and  dry  conditions),  plasma-enhanced  chemical-vapor  depo¬ 
sition  (PECVD)  oxide  coated  and  ion  implanted  Si  (111) 
were  also  tested.’  The  thickness  of  the  thermal  oxide  on  the 
silicon  pins  used  in  the  present  investigation  was  about  0.5 
/un  for  dry  oxidation  and  about  1  /un  for  wet  oxidation.  The 


TABLE  I.  Macro  friction  data  for  various  pin  materials  sliding  against  thin- 
film  rigid  disks  in  ambient  air.  Normal  load—  0.5  N;  sliding  speed =0.9- 12 
m/s;  ambient  air  (RJL  4515%). 


Pin  material 

Initial  coeff.  of 
friction 

Cycles  to 
friction  increase 
by  factor  of  2 

Max.  or  ending 
value  of  coeff. 
of  friction 

AjOj-HC 

0.20 

lubed 

-2  200 

tubed 

0.78 

lubed 

0.25 

untubed 

—200 

uniubed 

0.78 

uniubed 

Mn-Zn  ferrite 

0.22 

tubed 

-5500 

lubed 

0.45 

tubed 

0.22 

uniubed 

-600 

uniubed 

0.68 

uniubed 

Single-crystal 

0-20 

lubed 

-1200 

tubed 

0.40 

tubed 

silicon 

0.20 

uniubed 

-500 

uniubed 

0.70 

uniubed 

PoiyefHcoa 

020 

lubed 

—3000 

tubed 

0.60 

fabed 

022 

uniubed 

-1000 

uniubed 

0J0 

uniubed 

PECVD-coride- 

028 

lubed 

>50000 

lubed 

0.23-028 

lubed 

coaled  Si  (lit) 

028 

uniubed 

-500 

uniubed 

0.72 

uniubed 

Dry-oxidized 

0.22 

tubed 

>50000 

tubed 

020 

lubed 

Si  (111) 

022 

uniubed 

-1600 

nntubed 

056 

tafubed 

Wn  ns  blind 

026 

fabed 

>50000 

fabed 

0.26-040 

lubed 

Si  (111) 

0.26 

uniubed 

-1000 

uniubed 

0.60 

uniubed 

CM mpiaated 

0.16 

lubed 

-1000 

fabed 

0.60 

lubed 

St (111) 

0.25 

uniubed 

-1000 

uniubed 

050 

uniubed 

(b) 


FIG.  2.  Scanning  electron  microscopy  micrographs  of  Si  (111)  after  sliding 
against  s  lubricated  disk  in  (a)  ambient  air  for  6000  cycles,  and  (b)  in  dry 
nitrogen  after  IS  000  cycles. 

oxide  on  the  PECVD  coated  pins  was  about  S  /un  thick  and 
the  film  surface  was  polished  using  a  lapping  tape.  Single¬ 
crystal  Si  pins  of  orientation  (111)  ion  implanted  with  C+ 
ions  at  2-4  mA  cm-2  current  densities,  100  keV  accelerating 
voltage,  and  at  a  fluence  of  lx  1017  ions  cm  2  were  also 
tested.  Si  pins  used  for  macrotribological  studies  were  also 
used  for  microtribological  studies. 

M.  RESULTS  AND  DISCUSSION 
A.  Macrotribological  atudlM 

Sliders  are  expensive  to  produce  compared  to  pins  and 
hence  it  would  be  advantageous  to  conduct  tribotesting  with 
pins.  This  requires  that  pin  and  slider  tribological  behavior 
be  similar,  so  that  results  from  tribotesting  with  pins  can 
serve  as  a  useful  guide  in  the  choice  of  slider  material.  The 
variation  of  the  coefficient  of  friction  (/t)  with  number  of 
sliding  cycles  for  an  alumina/ritanium-carbide  pin  and  slider 
tested  under  the  same  load-speed-environment  conditions  is 
shown  in  Fig.  1(a).  The  results  suggest  that  the  frictional 


■aveumow 

FIG.  3.  Variation  of  the  coefficient  of  friction  with  number  of  xiidmg 
cycles  in  dry  nitrogen  for  n  DLC  coaled  silicon  pin  (tiding  agnmat  a 
fabricated  dbk. 
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lias  btrdmem  dtu  for  vtnom  .vpa  catted  mi  treated  aUicoo  sample* 


Kwa 

Sente* 

Ifear 

ronghaeaa. 

depth 

depth 

Haidnesc 

km  size; 

Coeff. 

at 

at 

at 

500  anx 

of 

40 

40  mN 

too  r>N 

Material 

500  am 

friction 

(OB) 

(mu) 

(GPt) 

Si  (111) 

0.11 

0.03 

20 

27 

11.7 

Si  (110) 

0.09 

0.04 

20 

Si  (100) 

0.12 

0.03 

25 

folyailicoB 

1.07 

0.04 

18 

Polyadicoa 

(lapped) 

0.16 

0.05 

18 

25 

125 

recvD- 

oxide- 

coated 

Si  (HI) 

1.50 

0.01 

8 

5 

18.0 

De¬ 

oxidized 

G.11 

0.04 

16 

14 

17.0 

Si (111) 

Wet- 

oxidized 

025 

0.04 

17 

18 

14.4 

Si  (111) 

C*- 

tmpUntcd 

Si  (111) 

0.33 

0.02 

20 

23 

18.6 

behavior  of  pins  is  reasonably  similar  to  that  of  slidets. 

The  objective  of  this  study  was  to  evaluate  the  potential 
of  using  Si  as  a  slider  material.  A  failure  criteria  was  estab¬ 
lished  which  was  that  a  significant  increase  in  friction  with 
number  of  revolutions  was  considered  a  failure  since  an  in¬ 
crease  in  friction  implies  some  degradation  of  the  interface. 
In  the  present  investigation  it  was  observed  that  for  Si  sliding 
against  lubricated  thin-film  disks,  /z  was  0.2  at  the  start  of 
sliding  and  increased  to  0.4  before  decreasing  to  a  steady 
state  value  of  0.1.  Using  this  as  a  standard  for  comparison 
the  number  of  revolutions  before  the  friction  increased  by  a 
factor  of  2  was  taken  to  be  indicative  of  the  contact  life  or 
durability  of  the  slider-disk  interface  for  the  various  tests 


no.  4.  SaKci  dap*  a*  •  fonedoa  of  load  after  lea  cycle*  for  virgin, 
Pooled,  aad  coaled  Si  earfoccs. 
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FIG.  S.  Surface  profiles  for  saaichcd  (a)  Si  (111),  (b)  PECVD-oxidc  coaled 
Si  (111),  (c)  dry -oxidized  Si  (111),  and  (d)  C'-impUmed  Si  (1 11).  The  loads 
need  for  venous  scratches  at  ten  cycles  are  indicated  in  the  pint 

conducted.  For  quick  reference,  friction  data  obtained  from 
the  various  tests  conducted  in  ambient  air  in  terms  of  the 
initial  fi,  the  contact  life,  i.e.,  the  number  of  revolutions  be¬ 
fore  the  ft  increased  by  a  factor  of  2,  the  maximum  value  of 
the  /*  for  cases  when  the  increase  was  more  than  by  a  factor 
of  2  are  presented  in  Table  I.  For  the  case  of  oxidized 
samples  a  significant  increase  (by  a  factor  of  2  or  more)  was 
not  observed  and  so  foe  range  of  variation  of  the  /a  for  the 
duration  of  50  000  cycles  is  indicated. 

The  variation  of  the  coefficient  of  friction  with  sliding 
cycles  for  Si(lll)  sliding  against  lubricated  and  unlubricated 
disks  in  air  is  shown  in  Fig.  1(b).  Crystalline  orientation  of  Si 
has  no  effect  on  friction  and  wear.  Scanning  election  micros- 
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FIG.  6.  Surface  profiles  stowing  the  worn  region  (center  2  /tfDX2|iin)  niter 
one  cycle  of  wear  al  40  >iN  load  (a)  Si  (111),  (b)  PECVD-oaide  coaled  Si 
(111),  (c)  dry-ondned  Si  (111),  and  (d)  C'-impiaMed  Si  (111). 


copy  (SEM)  and  chemical  analysis  using  energy  dispersive 
analysis  at  x  rays  suggested  that  the  rise  in  the  fn  and  damage 
on  the  pin  snrface  for  Si(lll)  is  associated  with  the  transfer 
of  amorphous  carbon  from  the  disk  to  the  pin,  oxidation- 
enhanced  fracture  of  pin  material  followed  by  tribochemical 
oxidation  of  the  transfer  film.  Against  lubricated  dialer  the  (i 
drops  to  a  steady  state  value  of  0.1  following  the  increase  as 
seen  in  Fig.  1(b).  This  is  associated  with  the  formation  of  a 
transfer  coating  on  the  pin.  Fig.  2(a).  71k  mechanism  of 
transfer  and  tribochemicai  oxidation  was  seen  to  be  operative 
for  the  friction  increase  for  AlgOy-UC  and  Mn-Za  ferrite 
pin/slider  materials  tested  in  ambient  air.  As  seen  in  Thble  I 
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FIG.  7.  Wear  depth  as  a  function  of  (a)  load  (after  one  cycle),  and  (b)  cycles 
(normal  load =40  ftN)  for  Si  (III)  and  C*-im planted  Si  (111). 


and  Fig.  1(c),  dry  oxidized  Si(lll)  exhibits  excellent  charac¬ 
teristics  in  lubricated  sliding  and  this  behavior  has  been  at¬ 
tributed  to  the  chemical  passivity  of  the  oxide  and  lack  of 
transfer  of  diamoodiike  carbon  (DLC)  from  the  disk  to  the 
pin.  The  behavior  of  PECVD  was  comparable  to  that  of  dry 
oxide  but  for  the  wet  oxide  there  was  some  variation  in  the  fi 
(0.26-0.4).  The  difference  between  dry  and  wet  oxide  has 
been  attributed  to  increased  porosity  of  the  wet  oxide.3'14 

Since  tribochemical  oxidation  was  determined  to  be  a 
significant  factor,  experiments  were  conducted  in  dry  nitro¬ 
gen.  The  variation  of  the  /u  for  a  Si  pin  sliding  against  a 
lubricated  thin-film  disk  is  shown  in  Fig.  1(d).  For  compari¬ 
son  the  behavior  in  ambient  is  also  shown.  It  is  seen  that  in  a 
dry  nitrogen  environment  the  /i  of  Si(lll)  sliding  against 
lubricated  disks  decreased  from  an  initial  value  of  about  0.2 
to  0.05  with  continued  sliding.  Similar  behavior  was  also 
observed  while  testing  with  Al2OrTiC  and  Mn-Zn  ferrite 
pins  and  sliders.  With  unlubricated  disks  though  the  friction 
decrease  was  not  observed.  Based  on  SEM  and  chemical 
analysis  this  behavior  has  been  attributed  to  the  formation  of 
a  smooth  amorphous-carbon/lubricant  transfer  patch  and 
suppression  of  oxidation  in  a  dry  nitrogen  environment.  Fig. 
2(b). 

The  experiments  in  dry  nitrogen  indicated  that  low  fric¬ 
tion  conditions  can  be  achieved  in  dry  nitrogen  although 
transfer  of  carbon  from  the  disk  to  the  pin  occurs.  An  experi¬ 
ment  was  performed  with  a  hydrogenated  amorphous  carbon 
coated  (—18  nm  thick)  Si  pin  sliding  against  a  lubricated 
thin-film  disk  in  dry  nitrogen.  The  friction  variation  with 
sliding  for  this  experiment  is  shown  in  Fig.  3.  No  damage  for 
the  pin  and  disk  surfaces  could  be  detected  after  this  experi¬ 
ment. 
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seated  in  Thhk  IL  Virgin  tad  modified  Si  mrfaccs  could  be 
scratched  at  10  >sN  load,  see  Figs.  4  and  3  and  Tsble  II. 
Scntdi  depth  increased  with  aa  increase  in  load.  We  note 
that  cryalalliae  orientation  of  Si  km  little  influence  on  the 
smttch  depth,  ahaflar  to  absent  atious  made  is  mnerotribo- 
logical  mats.  PECYD-oxide  smnples  had  the  largest  scratch 
resistaaoe  followed  by  dry -oxidized,  wet-oxidized,  and  ion- 
impl anted  aamplea  Ion  heplaalation  showed  so  improve¬ 
ments  os  the  actatcfa  resistance.  By  acamsing  the  san^tie  (in 
two  dimension)  while  scratching,  wear  scars  were  generated 
on  the  sample  surface  Wear  data  on  selected  aamplea  are 
presented  in  Ihbie  n  ami  the  wear  profiles  at  40  jiN  of  loed 
are  shown  in  Fig  6.  PECVD-oxide  samples  had  the  largest 
wear  resistance  followed  by  dry-oxidized,  wet -oxidized,  end 
ton-implanted  samples.  These  results  are  consistent  with  the 
macrotribologicnl  data.  We  observed  wear  debris  in  the  wear 
zone  just  after  the  wear  test  which  could  be  -asily  removed 
by  scanning  the  won  region.  It  suggests  that  wear  debris  is 
loose. 

We  further  studied  the  wear  resistance  of  ion-implanted 
samples,  Fig.  7.  For  tests  conducted  at  various  loads  on  Si 
(111)  and  C*-implamerf  Si  (III),  we  find  that  wear  resis¬ 
tance  of  implanted  sample  is  slightly  poorer  than  that  of 
virgin  Si  up  to  about  80  jiN.  Above  80  giN,  the  wear  rcsis- 


F1G.  8.  Gray-scale  plot  and  line  pies  of  the  inverted  oaaoindenlatioa  mart 
on  (n)  Si  (lit)  at  70  /iN  (haidneat~13.8  GPa),  and  <b)  grayscale  plot  of 
indentation  mark  on  C^-implanted  Si  (111)  at  70  >tN  (hardness-  19.3  op,), 
The  indentation  depth  of  indent  was  about  3  ora. 


A  summary  of  nns,  microscale  friction,  nanoscnrtching 
nanowear,  and  nanohardness  data  for  various  samples  is  pre- 


Depth  (run) 


FIG.  9.  Naaohantneas  and  normal  load  as  function  of  ii 
v«*in  sad  C*-hapiaated  Si  (111). 


FIG.  10.  Suttee  roughness  profile  (rr=1.07  am),  (b)  slope  of  the  toughness 
profile  aloes  the  sample  sliding  direction  (the  horizontal  axil)  (mesn= 
-0.02,  <r-0.QS),  and  friction  profile  (mean=5.8  ON,  rr=1.3  nN)  of  roogh 
polysilfcon  far  a  normal  load  of  140  nN. 
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FIG.  II.  Gray-scalc  plots  of  (a)  the  slope  of  the  surface  roughness,  (b)  the 
friction,  and  (c)  the  friction  (with  sign  reversed  in  the  rigid-hand  side  pto- 
file)  of  a  Si  (111).  The  left-hand  side  of  the  figure  corresponds  the  sample 
sliding  from  left  to  right.  Higher  points  are  shown  by  lighter  color. 


tance  of  implanted  Si  improves.  As  we  continue  to  run  tests 
at  40  /eN  for  larger  number  of  cycles,  the  implanted  sample 
exhibits  higher  wear  resistance  than  the  unimplanted  sample. 
Miyamoto  et  ai.15  have  also  reported  dial  damage  from  the 
implantation  in  the  top  layer  results  in  poorer  wear  resis¬ 
tance,  however,  the  implanted  zone  at  the  subsurface  is  more 
wear  resistant  than  the  virgin  Si. 

We  measured  nanoindentation  hardness  of  all  samples. 
Table  n.  Coatings  and  treatments  improved  nanohardness  of 
Si.  We  note  that  dry-oxidized  and  PECVD  films  are  harder 
than  wet-oxidized  films  as  these  films  may  be  porous.3  High 
hardness  of  oxidized  films  may  be  tespcmMe  for  measured 
low  wear  on  macro-  and  microscale.  Figure  8  shows  the 
indentation  marks  generated  on  virgin  and  C+  -implanted  Si 
(111)  at  a  normal  load  of  70  pH  with  a  depth  of  indentation 
about  3  nm  and  hardness  values  of  1S.8  and  19.5  GPa,  re¬ 
spectively.  Hatdness  values  of  virgin  and  C* -implanted  Si 
(111)  at  various  indentation  depths  (normal  loads)  are  pre¬ 
sented  in  Kg.  9.  Hardness  value  of  C+ -implanted  Si  (111)  at 
a  normal  load  of  50  /aN  is  20.0  GPa  with  an  indentation 
depth  of  about  2  nm  which  is  comparable  to  the  hardness 


value  of  19.5  GPa  at  70  jiN.  Measured  hardness  value  for 
virgin  Si  at  an  indrnhrirai  depth  of  about  7  am  (normal  load 
of  100  jtN)  is  about  11.7  GPa,  comparable  to  aanohardness 
values  reported  by  other*.  We  note  that  the  surface  layer  of 
the  implanted  rose  it  ranch  harder  compared  to  the  subsur¬ 
face,  and  may  be  brittle  leading  to  higher  wear  on  the  sur¬ 
face.  Subsurface  of  the  implanted  zone  it  harder  than  the 
virgin  silicon,  resulting  in  higher  wear  retirtaace. 

From  the  data  pretested  in  Table*  I  gad  n,  we  note  that 
macro-  and  micrococfflcicnt  of  friction  value*  of  ail  samples 
are  about  the  same  with  the  microvahiea  lower  then  the  mac¬ 
rovalues.  Rnughncra  effect*  on  the  friction  of  polyrilicon  can 
be  dearty  obeerved.  Next  we  examine  the  relatioothips  be¬ 
tween  friction  end  roughness  profiles.  Fig.  10.  We  find  that 
there  is  no  resemblance  between  the  ft  profiles  and  die  cor¬ 
responding  roughness  profiles,  e.g.,  high  or  low  points  on  the 
friction  profile  do  not  correspond  to  high  or  low  points  on  the 
roughness  profile*.  We  calculated  the  slope  of  the  roughness 
profile  in  the  tip  sliding  direction.  By  comparing  the  result¬ 
ing  slope  profile  and  corresponding  friction  profiles,  we  ob¬ 
serve  a  strong  correlation  between  the  two.  Surface  slope  and 
friction  profiles  obtained  with  sample  sliding  in  either  direc¬ 
tion  are  shown  in  Fig.  11.  We  again  note  the  resemblance 
between  local  variation!  in  the  surface  slope  and  local  varia¬ 
tions  in  friction.  We  further  note  the  directionality  in  friction. 
Bhushan  and  Ruan12  have  shown  that  the  local  variation  in 
friction  arises  from  a  “ratchet”  mechanism.  According  to 
this  mechanism,  friction  increases  as  the  FFM  tip  slides  over 
the  leading  (moulding)  edge  of  asperity  because  of  a  positive 
surface  slope.  Friction  decreases  during  sliding  over  the  trail¬ 
ing  (descending)  edge  of  the  asperity  as  the  slope  is  negative. 
The  ratchet  mechanism  thus  explains  the  correlation  between 
the  slopes  of  the  roughness  profiles  and  friction  profiles  ob¬ 
served  in  Fig.  10.  Since  the  local  friction  is  a  function  of  the 
local  slope  of  sample  surface,  the  local  variation  in  friction 
should  be  of  the  opposite  sign  as  the  scanning  direction  is 
reveised.  In  Fig.  11(c),  the  sign  of  friction  in  one  direction  is 
reversed,  but  we  still  see  some  difference  in  the  two  friction 
profiles  which  may  result  from  the  asymmetrical  asperities. 
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using  incompressible  fluids 
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Is  order  to  keep  pace  with  the  demand  for  higher  storage  (tensities  in  magnetic  recording  disk  drives, 
new  technology  must  be  developed  to  reduce  the  tribological  problems  associated  with  utaalow 
flying.  Non-Newtonian  liquid  bearings  may  become  a  feasible  alternative  to  slider  miniaturization 
due  to  the  decrease  in  slider-disk  contacts.  Issues  pertaining  to  modeling  the  head-disk  interface  are 
presented,  and  non-Newtonian  effects  are  described.  Generalized  Newtonian  fluid  models  describe 
the  dependence  of  the  apparent  viscosity  on  the  shear  rate  for  bulk  fluids,  but  the  extremely  high 
shear  rate  and  the  confined  geometry  at  ultralow  flying  heights  complicate  conventional 
non-Newtonian  rheological  models.  Equations  are  developed  for  generalized  Newtonian  fluids 
which  can  determine  the  flying  characteristics  of  recording  sliders  in  viscoelastic  drives. 
Order-of-magnitude  analyses  are  performed  in  order  to  determine  the  effect  of  drive  parameters  and 
fluid  properties  on  the  load  bearing  capacity  of  the  slider  and  power  consumption  due  to  frictional 
forces.  The  results  obtained  are  new  and  may  become  important  in  providing  design  criteria  for 
VISqUS  drives  or  to  related  design  engineers. 


I.  INTRODUCTION 

As  high-density  recording  becomes  a  major  headline  for 
disk  drive  manufacturers,  the  technology  of  ultralow  flying 
(less  than  (wo  microinches  in  head-disk  separation)  becomes 
critically  important.  Decreasing  the  flying  height  increases 
the  storage  density,  but  it  also  increases  the  tribological  prob¬ 
lems  at  the  head-disk  interface  (HDI).  The  current  generation 
of  drives  operates  in  almost  a  full  flying  mode  with  limited 
intermittent  contacts  between  the  slider  and  the  disk  surface. 
In  order  to  achieve  the  demanded  storage  densities,  however, 
the  next  generation  drives  will  most  likely  operate  in  a  re¬ 
gion  of  mixed  flying  and/or  sliding.  This  mixed  region  will 
produce  significantly  more  wear  during  normal  operation  un¬ 
less  technologies  are  implemented  to  decrease  the  number 
and  severity  of  head-disk  contacts. 

There  are  many  possible  technologies  being  developed 
which  could  achieve  high-density  recording  while  reducing 
the  tribological  problems  of  wear.  Miniaturization  of  current 
air-bearing  sliders  produces  lower-flying  heights  while  mini¬ 
mizing  the  impact  force  of  head-disk  collisions.1  The  limita¬ 
tion  of  miniaturization  seems  to  be  the  tooling  casts  and 
precision  of  fabricating  extremely  small  sliders  (less  than 
20%  of  a  full  3370-type  slider)  and  integration  problems 
associated  with  the  suspension  and  electrical  leads.  An  alter¬ 
native  to  this  approach  is  to  use  an  incompressible  liquid  film 
as  the  lubrication  layer  instead  of  a  conventional  air 
bearing.23  The  main  advantage  of  using  a  viscoelastic  liquid 
bearing  (VLB)  is  the  absence  of  contacts  with  the  disk, 
which  limits  the  severity  of  the  tribological  and  tribochemi- 
cal  problems.  This  VLB  technology,  known  commercially  as 
VISqUS,  could  be  advantageous  for  small  form  factor  de¬ 
vices  containing  a  single  disk,  and  a  high-performance  500 
megabyte  drive  operating  at  less  than  1  W  power  consump¬ 
tion  could  be  feasible.  Integration  problems  will  be  a  major 
hurdle  to  overcome  in  order  for  this  technology  to  be  com¬ 
mercially  feasible.  In  contrast  to  conventional  air-bearing 


technology,  however,  there  are  very  few  theoretical  tools 
available  for  designing  ultralow  incompressible  film  drives. 
The  objective  of  this  article  is  to  develop  qualitative  models 
and  to  discuss  issues  relating  to  VLB  drives,  rather  than  de¬ 
veloping  full-scale  numerical  simulation  capabilities. 


II.  THEORETICAL  DEVELOPMENT 


The  governing  equation  for  the  stress  distribution  under¬ 
neath  the  bearing  surface  of  a  slider  is  derived  from  the  equa¬ 
tion  of  motion  (Navier-Stokes  equation  for  Newtonian  flu¬ 
ids)  using  the  lubrication  approximation  and  conservation  of 
mass.  Conventional  bearings  operate  in  an  ambient  air  envi¬ 
ronment  and  are  well  established,4  while  VISqUS- type 
drives  use  a  non-Newtonian  liquid  for  the  lubrication  layer. 
Equations  are  developed  below  to  describe  the  characteristics 
of  the  HDI  that  are  applicable  to  these  viscoelastic  fluids. 
The  local  velocity  profile,  vx  and  vy,  can  be  expressed  in 
terms  of  the  normalized  nth  moment  of  fluidity,  T„(z)  which 
is  defined  as 


r  .(i)- 


JSr/rtfMf ' 
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Here  r/  is  the  position-dependent  apparent  viscosity  and  A  is 
the  film  thickness.  By  neglecting  inertial  and  external  forces 
in  the  equation  of  motion,  (i.e.,  VP=-V-7(y),  where  P  is 
the  fluid  pressure  and  r  is  the  deviatoric  stress  tensor  which 
is  a  function  of  the  shear  rate  y),s  the  resulting  velocity  pro¬ 
file  is  obtained: 
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when  Vx  and  Vf  are  the  *  and  y  componcatt  at  the  relative 
diak  velocity.  This  velocity  profile  can  be  integrated  across 
the  film  thickncaa  to  yield  an  equation  which  detenninea  the 
pressure  (related  to  the  denaity  p)  or  normal  stress  compo¬ 
nent 


For  Newtonian  fioida  (auch  aa  itoncoo fined  air),  the  apparent 
viscosity  is  homogeneous  over  the  entire  film,  and  the  clas¬ 
sical  Reynolds  equation  is  obtained  (assuming  isothermal 
conditions)  from  Eqs.  (l)-(3).  For  non-Newtonian  fluids,  the 
apparent  viscosity  depends  on  the  shear  rate,  which  ia  a  func¬ 
tion  of  position  and  velocity.  Therefore,  Eqs.  (1)  and  (2) 
should  be  included  in  mathematical  models  in  order  to  cap¬ 
ture  the  spatial  variation  of  17.  This  adds  extra  complexity  to 
the  formulation  of  a  doaed-fonn  Reynold*  type  of  equation.5 
Note  that  for  air  bearings,  9  can  also  be  thought  of  as  posi¬ 
tion  dependent,  since  the  apparent  slip6  at  the  surfaces  (origi¬ 
nating  from  gaseous  rarefaction  effects)  modifies  the  bulk  or 
continuum  viscosity. 

Due  to  the  nonlinearity  of  Eqs.  (2)  and  (3)  and  the  com¬ 
plicated  shape  of  the  slider  rails,  numerical  solutions  are  re¬ 
quired  to  solve  for  fire  pressure  distribution.  For  the  air¬ 
bearing  case,  a  large  number  of  numerical  simulations  have 
been  reported.7-11  For  the  VLB  case,  we  discuss  qualitative 
aspects  of  the  mathematical  models.  Once  the  pressure  (or 
normal  stress)  distribution  is  obtained,  a  load  bearing  capac¬ 
ity  W  defined  as 

W-jj  (Va~Pmb)dA  (4) 

can  be  calculated,  where  ir„  is  the  normal  component  of  the 

total  stress  tensor  [va^P+  T„(y)]  at  the  fluid  and  P _ -  is 

the  ambient  pressure.  Note  that  for  generalized  Newtonian 
fluids,  r„=0.  This  value  determines  the  force  that  the  slider 
can  support  while  operating  at  a  given  height.  In  addition  to 
W,  the  frictional  (bag  force  on  the  slider  F  is  also  an  impor¬ 
tant  design  variable  in  order  to  minimize  power  consumption 
Pc  in  liquid  bearing  drives.  F  of  the  fluid  can  be  obtained 
from, 

F=J  j  r(y)  dA,  (5) 

and  Pc  due  to  the  fluid  may  be  computed  as 

J  [r(y)  v]  (fA.  (6) 

These  additional  quantities,  F  and  Pc ,  are  usually  not  studied 
in  air-bearing  modeling  but  are  especially  important  in  de¬ 
signing  VLB  drives. 

Although  numerical  solutions  to  Eqs.  (2)  and  (3)  are 
possible,  a  simple  order-of-magnitnde  analysis  on  Eqs.  (4) 
and  (6)  can  capture  mo at  of  the  essential  dependencies  of  the 
load-bearing  capacity  and  power  consumption  on  the  operat¬ 
ing  parameters  sad  fluid  properties.  For  a  generalized  New¬ 
tonian  fluid,  by  replacing  the  pressure  difference  in  Eq.  (4) 
by  an  integrated  pressure  derivative,  one  can  obtain 


W«R 


9(r)] 
<f(log  y) 
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where  Rf  is  a  reduction  factor  for  the  slider  (Le.,  Rf= 0.5 
corresponds  to  a  30%  slider).  The  dependence  of  the  load- 
bearing  capacity  on  molecular  or  operating  variables  can  be 
determined  using  Eq.  (7)  and  either  rheological  measurement 
data  (usually  expressed  in  log  9  vs  log  y  form)  or  a  consti¬ 
tutive  equation  describing  the  functionality  of  these  quanti¬ 
ties  (e.g.,  power-law  model  of  Oswald12  and  de  Wsele12  or 
Caneau-Yaauda’s  five-parameter  model11).  An  oeder-of- 
nugnittiA-  equation  can  also  be  obtained  for  the  power  con¬ 
sumption, 

Pc«RfVxv(y)y-  (8) 

Equations  (7)  and  (8)  constitute  the  primary  results  obtained 
so  for  to  predict  drive  performance.  Even  though  the  results 
appear  simple,  they  may  provide  qualitative  design  criteria 
for  VLB. 


M.  NON-NEWTONIAN  CONSTITUTIVE  MODELS 

To  illustrate  the  essence  and  utility  of  Eqs.  (7)  and  (8), 
the  two-parameter  (m  and  n)  power-law  model,12 
rr*my  "-1,  can  be  used  for  the  viscosity,  shear  rate  relation¬ 
ship.  When  n~l,  the  Newtonian  fluid  model  is  recovered 
(applicable  to  air  bearings).  If  n<  1,  the  fluid  is  described  as 
“pseudoplastic”  or  '‘shear  thinning”  (applicable  to  VLB 
technology),  and  if  n>l,  the  fluid  is  described  as  “dilatant” 
or  “shear  thickening"  (not  useful  for  drive  applications).  Ap¬ 
plying  Eq.  (7)  to  the  power-law  fluid,  recognizing  the  order- 
of-magnitude  approximation,  y^v/h  and  dyldz^vlh1,  a 
scaling  equation  is  derived  as 

This  result  was  compared  with  a  finite -element  simulation 
code  for  Newtonian  fluids,  and  showed  excellent 
agreement.14  Equation  (9)  relates  the  load-bearing  capacity 
to  the  disk  velocity  v,  film  thickness  A,  and  the  rheological 
properties  of  the  film  (through  the  parameters  m  and  n).  In  a 
similar  manner,  the  dependence  of  Pc  on  the  operating  and 
molecular  parameters  can  be  derived  as 

Pcim.n^Rjmvlv/h)’.  (10) 

Figure  1  shows  the  dependence  of  W  and  Pc ,  normalized  to 
a  Newtonian  fluid,  on  n  for  differing  values  of  the  shear  rate 
(t ilh).  As  the  fluid  has  more  shear  thinning  behavior  (de¬ 
creasing  n)  the  load-bearing  capacity  for  a  given  film  thick¬ 
ness  and  diak  velocity  decreases.  There  is  also  a  correspond¬ 
ing  increase  in  the  power  consumption  as  n  is  decreased. 
These  phenomena  increase  in  magnitude  as  the  shear  rate  ia 
increased. 

For  a  given  fluid,  the  order  of  magnitude  equations  can 
be  used  to  determine  the  effect  of  operating  parameters  on 
drive  performance.  Figure  2  shows  an  increase  in  power  con¬ 
sumption,  as  expected,  when  the  disk  velocity  is  increased. 
The  increase,  however,  is  not  as  severe  as  the  fluid  becomes 
more  shear  thinning.  This  is  a  major  advantage  of  using  non- 
Newtonian  fluids  for  the  lubricating  layer.  Equation  (9)  can 
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abo  capture  reluionihipg  between  drive  operating  param¬ 
eter  web  is  die  dependence  of  the  film  thickness  on  disk 
velocity  as  shown  in  Fig.  3. 

IV.  DISCUSSION  AND  SUMMARY 

Mathematical  modeling  capabilities  are  critical  for  de¬ 
signing  a  VLB  disk  drive.  Valuable  rime  and  effort  could  be 
saved  if  simulations  are  accurate  enough  to  predict  the  per¬ 
formance  of  the  HDI  before  test  drives  are  constructed.  In 
oeder  for  the  simulations  to  be  accurate,  the  physics  of  a  thin 
film  of  non-Newtonian  fluid  undergoing  high  shear  rates 
most  be  incorporated  correctly.  The  order-of-magnitude  ap¬ 
proximations  presented  above  were  based  on  the  simplest 
generalised  Newtonian  fluid  model,  namely  the  power-law 
model.  Rigorous  constitutive  stress-strain  relationships 
should  include  normal  stress,  stress  overshoot  phenomena, 
surface  tension,  and  the  effect  of  a  confined  geometry. 

There  is  great  concern  about  the  applicability  of  bulk 
rheological  equations  of  state  in  accurately  describing  the 
physics  occurring  in  a  confined  geometry.13  The  apparent 
viscosity  in  bulk  fluids  is  only  a  function  of  y.  When  a  fluid 
is  confined  to  an  uhralow  spacing  A,  the  apparent  viscosity 
will  take  a  functional  form  of  q(y,A).  One  possible  form  of  17 
in  a  confined  geometry  can  be  modeled  by  separating  the 
shear  rate  and  geometric  effects,  ij(y,A)= tfc(y)/(A),  where 
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HO.  2.  N— SMaosk— 1  power  com— prinn  Pt  at  a  fanftfoo  of  noadimea- 
staal  relative  disk  velocity  at  constant  normal  tad  for  three  different  ni¬ 
nes  of  H. 


FIG  3.  Noaduneestaal  head-disk  spacing  as  e  function  of  arntdimeneional 
relative  dak  velocity  at  constant  normal  load  for  titter  diOettat  values  of  a. 

/(A)  is  *  function  which  could  be  determined  experimen¬ 
tally.  Models  for  %(y),  such  as  various  generalized  Newton¬ 
ian  models,12'13’16  may  be  used  for  the  bulk  viscosity  in  this 
functional  form. 

Many  polymer  films  exhibit  normal  stress  effects  under 
high  shear  rate  conditions  due  to  stretching  of  the  polymer 
chains.  Under  extremely  high  shear,  polymers  may  also  de¬ 
grade.  Fluids  also  exhibit  an  overshoot  phenomena,  implying 
that  the  stress  is  dependent  on  rime  or  its  history  of  deforma¬ 
tion.  These  microrbeological  effects  have  not  yet  been  thor¬ 
oughly  studied  and  applied  to  VLB  applications. 

With  a  combination  of  order-of-magnitude  analyses  and 
numerical  simulations  using  a  physically  realistic  viscoelas¬ 
tic  constitutive  equation,  accurate  predictions  on  VLB  drive 
performance  could  be  obtained.  The  new  results  presented 
[Eqs.  (7)  and  (8)]  provide  qualitative  insight  into  the  behav¬ 
ior  of  VLB  drives.  A  state-of-the-art  finite-element 
algorithm7  can  be  used  to  numerically  evaluate  Eqs.  (2)  and 
(3)  for  comparisons  with  drive  performance. 
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Wear  and  stiction  regimes  of  thln-fllm  magnetic  disks 

Aden  Bowen 
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The  mechanical  integrity  of  a  thin- film  disk  drive  is  determined  by  contact  start-stop  (CSS)  testing 
Pom  results  in  CSS  testing  are  called  either  a  wear  or  a  stiction  failure.  Ambiguities  are  identified 
between  wear  and  stiction  observations  and  properties  of  the  head/disk  interface  that  caused  the 
failure.  The  CSS  test  results  are  categorized  into  five  wear  and  stiction  regimes  that  are  related  to 
the  physical  properties  of  the  head/disk  interface. 


I.  INTRODUCTION 

The  trend  in  magnetic  hard  disk  drives  is  toward  smaller 
sizes.  The  spindle  motor  starting  torque  available  in  the 
smaller  drives  requires  that  the  static  coefficient  of  friction 
(SCOF)  be  less  than  1.0  at  each  head/disk  interface.  This 
requirement  on  the  SCOF  is  the  dominant  failure  mode  in 
small  drives  rather  than  Ok  historic  failure  mode  of  visual 
wear.  For  completeness,  visual  wear  is  included  in  this  study, 
but  it  is  only  one  of  five  regimes  that  will  be  addressed. 
Stiction  is  defined  as  a  SCOF  response  to  contact  start-stop 
(CSS)  wear  cycles  when  visual  wear  is  not  present.  Tribol¬ 
ogy  models,  which  include  why  high  stiction  occurs  at  low 
lubricant  thickness,  are  discussed. 


II.  SCOF  WITHOUT  CSS  CYCLING 

Thin-film  disks  with  the  same  surface  roughness  are  lu¬ 
bricated  to  give  four  different  thicknesses.  A  polar  perfMO- 
ropolyether  lubricant  is  applied  on  top  of  the  outer  carbon 
layer.  The  disk’s  thin-film  structure  is  common  in  the  mag¬ 
netic  recording  industry.1  The  lubricant  thickness  is  mea¬ 
sured  using  an  optical  ellipsometer  and  categorized  in  order 
of  increasing  thickness  as  follows:  underlubricated  (UL), 
nominally  lubricated  (NL),  overlubricated  (OL),  and  exces¬ 
sively  lubricated. 

Each  of  the  four  types  of  disks  are  ouilt  into  three  iden¬ 
tical  hard  files  modified  to  measure  SCOF.  All  measurements 
are  done  with  less  than  one  revolution  of  the  spindle  and  for 
this  study  that  is  considered  a  "no  CSS  cycling”  situation. 
The  excessively  lubricated  disks  have  large  stiction  values 
(SCOF>4.0)  and  are  not  tested  further.  The  remaining  three 


types  (UL,  NL,  and  OL)  are  placed  in  5%  and  80%  relative 
humidity  (RH)  environments  for  various  rest  times.  Rest 
times  are  measured  after  the  inside  of  the  drive  is  acclimated 
to  the  ambient  RH  condition.  The  rest  time  is  the  time  the 
magnetic  head  is  in  contact  at  one  location  on  the  disk  prior 
to  the  SCOF  measurement.  The  SCOF  values  are  averaged 
for  the  three  drives  in  each  category  and  given  in  Figs.  1,  2, 
and  3.  The  rest  times  and  RH  conditions  arc  taken  in  random 
order.  The  linearity  of  the  data  indicates  that  the  SCOF  of  the 
head/disk  interface  is  reversible  prior  to  CSS  cycling.  The 
three  figures  show  that  high  stiction  occurs  at  lubricant  thick¬ 
nesses  that  are  both  less  (UL)  and  greater  (OL)  than  the 
nominal  thickness  (NL). 


IN.  WEAR  AND  STICTION  REGIMES  AFTER  CSS 
CYCLING 

The  effects  of  lubricant  thickness  and  surface  roughness 
on  the  SCOF  are  measured  after  CSS  cycling.  The  texturing 
and  lubrication  process  parameters  are  different  for  each  disk 
type.  The  disk  roughness  is  measured  using  a  contact  stylus 
profilometer.  Prior  to  CSS  testing,  ail  disk  types  m  this  sec¬ 
tion  behave  like  those  of  type  NL  of  the  previous  section. 
The  measured  SCOF  values  at  80%  RH  and  any  observed 
wear  are  given  in  Fig.  4.  Visual  wear  is  defined  as  any  con¬ 
tinuous  wear  scar  visible  on  the  disk  surface  at  SO  times 
magnification.  The  wear  and  stiction  values  of  Fig.  4  indicate 
that  five  regimes  can  be  identified.  The  five  regimes  are  sum¬ 
marized  in  Table  I.  Data  from  Figs.  1,  2,  and  3,  along  with 
the  investigation  below,  support  the  identification  of  the  five 
regimes  in  Fig.  4. 
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FIG.  1.  SCOT  for  type  UL  disks  without  CSS  cycling. 


FIG.  2.  SCOF  for  type  NL  disks  without  CSS  cycling. 


5790  J.  Appt.  Ptiys.  75  (10),  15  May  1994 


0021  -8979/94/75(1 0)/5750/3/$6.00 


I 


I 


I 


FIG.  3.  SCOF  for  type  01  disks  without  CSS  cycling 


IV.  FURTHER  INVESTIGATIONS 

All  the  data  in  Fig.  4  are  taken  after  the  same  number  of 
CSS  cycles  and  the  same  rest  time  at  80%  RH.  The  effect  of 
the  number  of  CSS  cycles  on  the  SCOF  for  different  regimes 
is  investigated  in  this  section.  Experimentation  is  done  with  a 
single  head  in  a  special  drive  so  the  onset  of  visual  wear  can 
be  determined.  Disks  from  regimes  one  and  two  are  used  to 
measure  the  SCOF  versus  the  number  of  CSS  cycles.  A  typi¬ 
cal  result  is  given  in  Fig.  5.  This  particular  test  is  terminated 
at  16  000  cycles  when  wear  is  first  observed.  High  and  low 
stiction  are  noted  on  these  low  lubricant  thicknesses  disks 
before  visual  wear. 

Figure  6  shows  typical  SCOF  values  for  disks  from  re¬ 
gime  four  with  up  to  30  000  CSS  cycles.  CSS  cycling  is 
terminated  at  30000  cycles  since  the  SCOF  is  no  longer 
increasing  rapidly.  No  visual  wear  is  detected.  The  SCOF 
recovery  after  CSS  cycling  is  measured  for  1  week  following 
the  termination  of  cycling.  The  insert  in  Fig.  6  shows  the 
SCOF  values  over  1  week  for  equal  intervals  of  time  be¬ 
tween  measurements.  Significant,  but  not  total,  recovery  is 
observed. 


V.  DISCUSSION 

The  reversibility  of  SCOF  values  without  CSS  cycling 
indicates  that  measurements  are  made  without  significantly 
disturbing  the  surface  distribution  of  lubricant  or  without  re¬ 
ducing  the  disk’s  peak  heights.  After  CSS  cycling,  the  SCOF 
measurements  are  irreversible  and  dependent  on  initial  lubri¬ 
cant  thickness  and  roughness  values  (or  regimes). 


FIG.  4.  Stktkm  aod  wear  regime*  after  CSS  cycling. 
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TABLE  1.  Seminary  at  five  wear  and  atictaoe  regimes. 


Regime 

CSS 

cyckt 

Visual 

wear 

SUction 

2 

yet 

y« 

high  or  low 

2 

yes 

BO 

high  or  low 

3 

ye* 

no 

low 

4 

y«* 

no 

high 

5 

ao/ya 

no 

very  high 

The  observing  of  high  SCOF  values  caused  by  high  lu¬ 
bricant  thickness  is  well  documented.23  The  rest  time  depen¬ 
dency  for  thick  lubricant  layers  is  explained  by  the  "micro- 
descent”  of  the  head  into  the  lubricant  layer*  For  thick 
lubricant  layers  (Fig.  3),  the  increased  SCOF  values  with  RH 
are  caused  by  the  interaction  of  water  vapor  with  oxygen  on 
the  backbone  of  the  lubricant  molecule.  Scanning  tunneling 
microscopy  is  used  to  detect  the  presence  of  water  on  lubri¬ 
cant  molecules.3  A  lubricant  molecule  with  water  vapor  is 
attracted  to  both  the  hydrophilic  head  and  disk. 

The  increase  in  SCOF  by  CSS  cycling  of  regime  four 
disks  is  due,  in  part,  to  a  change  in  the  lubricant’s  surface 
distribution.  The  CSS  cycling  appears  to  micropool  the  lu¬ 
bricant  around  regions  of  head/disk  contact.  The  recovery 
seen  in  the  Fig.  6  insert  suggests  the  pooled  lubricant  areas 
need  about  1  week  to  equilibrate.  Recovery  is  not  total  as 
some  run-in  of  the  high  contact  summits  occurs  and  not  all 
pooled  lubricant  will  uniformly  redistribute  itself  due  to  the 
immobilizing  effect  of  the  functional  mil  groups  on  the 
lubricant.6 

Visual  wear  caused  by  low  lubricant  thickness  is  well 
known.3'7  High  and  low  values  of  SCOF  prior  to  observing 
wear  are  shown  in  Fig.  5.  The  cause  of  the  initial  increase  in 
SCOF  in  Fig.  5  is  the  same  as  for  type  UL  disks  of  Fig.  1. 
The  luoricant  in  these  iwo  cases  does  not  form  a  complete 
monolayer  and  this  allows  water  vapor  to  form  a  meniscus  at 
the  head/disk  interface.8  Very  small  wear  particles  are 
formed  from  the  unlubricated  contacts  during  CSS  cycling. 
The  small  particles  cause  the  SCOF  to  drop  as  they  become 
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FIG.  &  typical  SCOT  va  CSS  tor  regime  four  disks. 


a  rolling  third  body  in  the  interface.  A  sudden  drop  in  the 
SCOF  is  regularly  seen  prior  to  the  onset  of  visual  wear. 
Generation  of  small  particles  continues  to  the  point  that  wear 
can  be  observed. 


Thble  I  summarizes  the  five  regimes  shown  in  Fig.  4. 
The  table  thows  that  stiction  measurements  atone  cannot  be 
used  to  determine  the  regime  of  an  unknown  disk.  The  dif¬ 
ficulty  comes  from  the  unexpected  potability  of  high  stiction 
at  low  lubricant  thicknesses.  Efforts  to  determine  the  regime 
belonging  to  an  unknown  disk  are  further  complicated  by  the 
disappearance  of  regime  three  at  very  large  CSS  cycles.9 
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Recording  medium  proportiM  and  capacity  bounds 
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The  effect  o l  each  medium  properties  as  magnetic  unit  size,  film  thickness,  and  strength  of 
anisotropy,  dipolar,  and  Hrrhaagr  interactions  cm  the  storage  capacity  timit  of  a  thin-fihn  recording 
medium  is  investigated  Relationships  are  derived  for  media  with  different  properties  that  have 
equivalent  capacity.  The  physically  realizable  range  of  material  properties  and  their  effect  on  die 
capacity  bound  are  explored.  Results  an  edge  effects  for  capacity  bound  computations  are  presented 
The  results  indicate  that  media  for  which  anisotropy  is  the  dominant  source  of  magnetic  energy  have 
the  greatest  potential  for  information  storage. 


I.  INTRODUCTION 

Recent  measurements  have  shown  that  medium  noise  is 
largely  repeatable,  suggesting  that  it  is  generated  by  a  per¬ 
manent  magnetic  microstructure  of  the  recording  medium.1-2 
These  measurements  motivate  a  model  of  the  recording  me¬ 
dium  comprising  fixed  magnetic  structures.  We  have  devised 
such  a  model.3  It  has  many  features  of  other  micromagnetic 
medium  tessellation  models,4"6  but  requires  less  amputa¬ 
tion.  We  model  a  variety  of  media  by  varying  parameters 
which  represent  the  physical  properties  of  recording  media. 
These  parameters  include  tile  size,  film  thickness,  and 
strength  of  anisotropy,  dipolar,  and  exchange  interactions.  A 
tile  represents  a  single-domain  microstructural  entity,  and 
may  correspond  to  a  single  grain,  a  part  of  a  grain,  or  a 
cluster  of  grains. 

Bounds  on  storage  capacity  of  magnetic  recording  sys¬ 
tems  have  been  computed  based  on  models  of  their  physical 
operation.7  9  We  have  presented  a  method  to  compute  upper 
bounds  on  the  capacity  of  an  ensemble  of  media  and  a  single 
medium,  irrespective  of  the  read  and  write  transducers.10  The 
bound  on  the  capacity  of  a  single  recording  medium  serves 
as  a  bound  on  the  capacity  of  any  recording  system  using 
that  medium  for  storage.  The  inclusion  of  read/write  trans¬ 
ducers  will  reduce  this  capacity.  The  capacity  bound  is  based 
on  an  argument  that  only  stable  states  of  the  model  may  be 
used  to  store  information.  Thus,  an  estimate  of  the  number  of 
stable  states  of  the  model  provides  a  fundamental  upper  limit 
to  the  capacity  of  information  storage  possible  for  a  given 
medium.  The  capacity  bound  is  computed  in  units  of  infor¬ 
mation  bits  per  single  domain  magnetic  tile.  This  capacity 
can  be  transformed  into  the  more  usual  capacity  measure  of 
bits  per  unit  of  medium  area  based  on  the  tile  size. 


H.  EQUIVALENT  MEDIA 

Table  I  displays  the  parameters  of  the  medium  model 
The  interactions  of  the  tiles  which  make  up  the  medium  de¬ 
pend  on  there  parameters.  Through  this  dependence,  the  pa¬ 
rameters  determine  die  medium  Stonge  capacity. 

The  energy  of  a  tile  is  determined  by  the  normalized 
effective  magnetic  field  h  at  the  tile.  The  field  is  normalized 
to  the  anisotropy  field,  es  in  Prutton,11 

h-H /»«,  where  H.-1KJM.  (1) 


The  magnetic  field  H  is  the  sum  of  two  component  ef¬ 
fective  fields,  due  to  exchange  and  dipolar  interactions  re¬ 
spectively,  in  dimensional  and  normalized  form, 

H“H,+H*,  h=h,+h*.  (2) 

The  exchange  field  H,  is  generated  by  the  neighboring  tiles. 
Using  i  to  index  the  set  of  neighbor  tiles,  and  M,  to  denote 
the  corresponding  magnetizations,  we  may  write 

2  KtHi-  (3) 

i 

The  dipolar  field  is  generated  by  the  magnetic  dipole 
moments  of  ail  other  tiles  in  the  medium.  These  dipole  mo¬ 
ments  are  the  product  of  the  tiles’  magnetizations  with  their 
volumes.  Using  similar  notation,  we  may  write 

2  Add25Mj),  (4) 

i 

where  A (  represents  the  appropriate  linear  operation  to  gen¬ 
erate  the  magnetostatic  field  at  the  tile  under  examination 
due  to  the  ith  tile  in  the  sum.  The  dependence  of  A,  on  the 
parameters  from  Table  I  is 

At’tl/d3.  (5) 

This  proportion  represents  the  inverse  relationship  of  field 

magnitude  with  the  cube  of  the  distance  between  the  source 
dqmle  aid  the  test  point  Equations  (l)-(5)  imply  that  the 
field  components  vary  according  to12 

h ly*  SM2ldK..  (6) 

When  the  model  parameters  are  varied,  the  total  magnetic 

field  at  a  tile  is  unchanged  if  both  proportionality  factors  of 
Eq.  (6)  are  unchanged. 


TABLE  1.  Medium  model  pcnKMtn. 


Symbol 

Dejcriptioa 
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K. 

mtnpmut 

Wm 

t 

(Urn  tbfcknett 
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d 

tikqmdfV 
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eajwtropy  enugy  density 

J/m* 

M 

T— - 

A/m 
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Sywbot 

Low 

M* 

K. 

10‘“ 

10'7 

a 

3X10"* 

2X10"’ 

i 

10’* 

ur7 

K. 

10* 

10> 

m 

3X10* 

2X10F 

If  we  represent  a  medium  by  a  quintuple  of  its  param¬ 
eters,  and  use  the  symbol  «  to  indicate  that  two  media  gen¬ 
erate  the  same  normalized  field  values,  we  conclude  for  any 
positive  values  of  the  medium  parameters 

(K.,S,4JC.  ,ht)-(KJf2IK. ,  SM^dK,  ,1,1,1).  (7) 

Thus,  two  parameters  suffice  to  describe  the  influence  of  all 
five  parameters  on  the  behavior  of  the  medium  model.  We 
may  represent  a  medium  by  a  quintuple,  (JC',8, 1,1,1),  or 
equivalently  by  the  pair  (K'„8).  The  parameters  (K',,8)  in 
our  model  are  similar  to  the  parameters  h ,,  km  in  the  nu¬ 
merical  simulation  work  of  Zfau  and  Bertram.13 

Our  method  for  computing  capacity  bounds  depends  on 
the  normalized  field  values.  According  to  the  model,  a  state 
of  the  medium  is  stable  if  each  tile  in  the  medium  has  a 
magnetization  stable  against  reversal.  That  is,  the  normalized 
field  at  each  tile  does  not  force  the  tile’s  magnetization  to 
reverse  direction.  This  reversal  test  does  not  consider  thermal 
effects.  Effectively,  die  model  represents  a  medium  at  abso¬ 
lute  zero.  Furthermore,  rotations  of  magnetization  off  the 
easy  axis  are  not  permitted.  Reversals  of  direction  along  the 
easy  axis  are  the  only  variations  of  tile  magnetization  ac¬ 
counted  for  by  this  model.  The  easy  axes  of  the  tiles  are 
independently  generated  from  a  uniform  distribution.  The  re¬ 
sults  depend  on  the  choice  of  distribution  for  the  easy  axes; 
other  distributions  have  been  investigated.2’14  This  model 
constrains  each  tile  to  two  magnetic  states.  If  a  medium  has 
N  stable  states,  the  information  storage  capacity  of  that  me¬ 
dium  is  bounded  above  by  tog2  W.10  The  constraint  of  two 
states  per  tile  implies  an  absolute  maximum  possible  storage 
capacity  (when  all  states  of  a  medium  are  stable)  of  1  bit  per 
tile. 

Thus,  we  conclude  that  two  media  which  produce  the 
same  proportionality  factors  in  Eq.  (6)  share  the  same  capac¬ 
ity  bound  in  bits  per  tik.  Varying  the  tile  size  yields  different 
capacities  in  bits  per  unit  area  among  what  we  call  equiva¬ 
lent  media. 

W.  PARAMETER  AND  CAPACITY  VALUES 

Table  U  displays  ranges  of  parameter  values  which  in¬ 
dude  physically  realizable  media.  When  these  parameter 
ranges  are  transformed  into  the  two-variable  parameter  space 
(K‘,,8),  a  bounding  rectangle  may  be  drawn  around  the  set 
of  physically  realizable  parameters,  yielding  transformed  pa¬ 
rameter  ranges, 

l0_4«iC'«il02,  105«£'«I0i°.  (8) 

Tb  estimate  die  variation  of  the  capacity  bound  over  these 
parameter  ranges,  die  opacity  bound  wan  computed  te  a  aet 
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FIG.  1.  Capacity  bound  at  a  function  of  parameter*  K't  aid  t. 


of  grid  points  within  the  parameter  ranges.  The  largest  square 
medium  patch  for  which  a  direct  count  of  stable  states  may 
be  used  to  exactly  compute  the  capacity  bound  in  reasonable 
time  using  our  simulations  and  computing  resources  is  a  5X5 
medium.  Figure  1  displays  the  capacity  bounds  computed  for 
a  single  4X4  medium  in  bits  per  tile  as  a  function  of  the  base 
10  logarithms  of  its  transformed  parameters  K'r  and  8.  The 
use  of  a  slightly  smaller  patch  allows  a  large  number  of 
simulations  to  be  ran.  A  plot  of  the  average  of  the  capacity 
bounds  for  SO  consecutive  media  has  a  similar  shape.  Note 
by  comparison  of  the  definitions  of  K't  and  8  with  Eq.  (6) 
that  the  parameters  K't  and  8  correspond  to  the  relative  mag¬ 
nitudes  of  die  exchange  and  dipolar  field  components. 

Larger  patches  require  statistical  analysis  to  estimate  die 
number  of  stable  states  N.  As  the  patch  size  increases  N 
decreases  as  a  fraction  of  the  total  number  of  states.  Estimat¬ 
ing  AT  by  a  Monte  Carlo  simulation  corresponds  to  estimating 
the  probability  of  a  stable  state  assuming  a  uniform  distribu¬ 
tion  on  possible  states.  This  event  grows  rarer  as  the  patch 
size  increases,  and  Monte  Carlo  simulation  foils  to  estimate 
the  probability  of  such  a  rare  event  in  reasonable  time.  More 
powerful  computational  methods  are  needed. 

One  strategy  to  increase  computational  power  is  to 
implement  simulations  on  a  massively  parallel  architecture. 
Such  an  implementation  has  been  developed,  and  it  does 
improve  computational  efficiency.  As  an  example,  the  mas¬ 
sively  parallel  implementation  can  sample  and  evaluate 
states  Of  a  32X32  medium  approximately  12  times  foster 
dun  a  single  processor  implementation.  At  present,  this  im¬ 
provement  is  not  sufficient  to  generate  reliable  estimates  for 
huge  patches  in  reasonable  tune,  although  improved  sam¬ 
pling  methods  are  being  studied. 

IV.  EDGE  EFFECTS 

Although  full  computation  of  capacity  bounds  for  luge 
numbers  of  tiles  is  not  feasible  at  present,  we  can  character¬ 
ize  the  edge  effects  resulting  from  model  simulations  of 
small  numbers  of  tiles.  We  study  the  aet  of  equivalent  media 
represented  by  transformed  medium  parameters 
(X;,8’)=(0.15,7.8X107),  a  medium  near  the  middle  of  our 
parameter  ranges.  A  simulation  was  run  to  illustraSe  the  effect 


FIO.  2.  Field  magnitude  v»  pack  nee. 


of  mill  patch  size  on  the  magnetic  field)  of  randomly  gen¬ 
erated  media.  A  medium  was  constructed  is  step),  beginning 
with  a  3X3  medium,  and  adding  a  new  square  ring  of  tiles  at 
each  step  (making  a  5x5,  7X7,  etc.).  The  magnetic  field  of 
the  center  tile  was  examined  at  each  step.  This  simulation 
was  run  several  times  to  collect  results  for  several  randomly 
generated  media. 

Figure  2  plots  the  magnitude  of  die  magnetic  field  versus 
the  step  in  the  construction  for  several  runs  of  the  simulation. 
Similar  plots  were  generated  for  die  magnetic-field  direction. 
The  plots  indicate  that  after  shout  eight  steps,  the  magnetic 
field  changes  relatively  little.  This  indicates  that  the  field  at  a 
die  at  the  center  of  a  randomly  generated  17X17  medium 
serves  as  a  good  representation  for  the  field  at  a  die  in  the 
interior  of  a  larger  randomly  generated  medium.  Similar  ex¬ 
periments  may  be  run  with  other  choices  of  medium  param¬ 
eters. 

For  these  parameters,  it  appears  that  an  8-tile-wide  bor¬ 
der  around  a  small  patch  will  produce  small  patch  capacity 
bounds  with  reduced  dependence  on  the  patch  size.  For  ex¬ 
ample,  we  randomly  generate  and  evaluate  the  stability  of 
the  center  5x5  collection  of  diet  within  a  randomly  gener¬ 
ated  25X25  media.  The  capacity  bound  estimated  for  an  en¬ 
semble  of  isolated  5X5  media  based  on  10^  samples  is  0.44 
±0.02  bits  per  tile.  The  capacity  bound  estimated  for  an 
ensemble  of  5X5  cores  in  a  25X25  medium  based  on  106 
samples  is  OJO±O.Q5  bits  per  tile.  As  expected,  the  latter 
capacity  is  smaller  due  to  the  increase  in  the  effective  field 
magnitudes  In  the  core  due  to  the  effect  of  the  onter  ring.  The 
large  difference  between  the  two  motivates  further  study  of 
larger  media. 


V.  CONCLUSION  AMD  PtmjM  WSQMC 

We  have  investigated  foe  dependence  of  the  fandamcntal 
limit  of  Norage  capacity  of  a  medium  on  its  physical  prop¬ 
erties.  Our  analysis  has  shown  that  them  me  media  with  dif¬ 
ferent  parameter  values  which  have  the  tame  mange  opac¬ 
ity.  Media  any  be  grouped  into  equivalence  classes  by  this 
analysis,  and  each  dam  may  be  repreaeated  by  a  parameter 
pair  (K'„8).  Large  values  of  K,  lead  to  small  values  of  both 
K’,  and  8,  which  correspond  to  t  capacity  bound  of  1  bit  per 
tile,  the  largest  poesibie  capacity  conaisteai  with  the  medram 
model  need.  Thii  indicates  that  media  for  which  anisotropy  is 
the  dominant  source  of  magnetic  energy  have  the  greatest 
potential  for  information  storage.  The  value  of  K,  necessary 
to  achieve  such  a  medium  gives  other  medium  properties  can 
be  computed  using  Eq.  (7)  and  Fig.  1. 

The  computed  capacity  bounds  do  not  decrease  mooo- 
tonically  with  large  values  ofK't  and  8  as  might  be  expected 
on  physical  grounds,  but  reach  nonzero  plateaus.  This  effect 
may  be  an  artifact  caused  by  the  constraint  precluding  mag¬ 
netization  rotation;  it  will  be  removed  in  future  work. 
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The  anWly  to  limy  jnJMJw J  vector  components  of  turfaoe  magntdc  fields  locally  hit  been 
developed  recently.  rod  this  component-selective  technique  h«»  beta  applied  to  underused  the  field 
JMhto  of  recorded  patten*.  Apart  from  the  cnmnvmity  me  muted  ia-ptane  componeat  in  the 
direction  of  the  track  Af,,  a  cross-track  component  Af,  has  bees  observed  along  the  edges.  While  the 
Hx  Add  i — §-  dsow  tide  written  patten*  emending  laterally  from  the  edges,  the  Hy  field  images 
reveal  localized  bright  and  dark  spots  oa  both  rides  of  the  track.  This  suggests  that  pahs  ot  mutually 
opposite  magnetic  dipole  laycts  persist  cm  both  edges  which  are  oriented  transverse  to  the  track 
direction.  A  systematic  investigation  was  made  of  these  side  fringing  fields  to  understand  their 
behavior  as  a  function  of  recording  wavelength. 


L  MTOOOUCTION 

One  of  the  main  consequences  in  the  tread  toward  nar¬ 
rower  track  recording  is  the  disproportionate  increase  in  the 
area  occupied  by  the  edges  relative  to  the  main  track.  This  is 
responsible  for  the  growing  attention  given  in  recent  years  to 
high  resolution  imaging  of  trad:  edges,  particularly  by  Lor- 
entz  transmission  electron  microscopy  Arnoldussen  ctaL 
studied  aide  writing  with  emphasis  an  establishing  the  differ¬ 
ences  between  isotropic  and  strongly  oriented  media,1  while 
Byun  etaL  compared  the  differences  in  magnetic  domain 
structure  for  high-  and  low-noise  media  and  illustrated  the 
effect  of  bead  pole  geometry  on  die  bit-cell  shape.2  Most 
recently,  Kawabe  and  Jody  focused  on  the  mtcroaugnetic 
structures  which  exhibited  clockwise  and  counterclockwise 
magnetic  vortices  and  showed  that  the  transitions  were  larger 
at  the  track  edgea  than  at  the  centers.3  We  extend  those 
magnetization-sensitive  measurements  by  imaging  the  distri¬ 
bution  of  specific  magnetic-field  vector  components  of  re¬ 
corded  patterns  at  a  fixed  distance  from  the  surface.  We  point 
out  that  the  present  method  responds  to  the  field-producing 
(curl-free)  component  of  the  magnetization  and  is  therefore  a 
natural  complement  to  the  above  electron  microscopies 
which  measures  the  noo-field-producing  (divergence-free) 
component  of  the  magnetization.4 

In  this  article  we  first  discuss  some  intriguing  features  of 
side  writing,  as  observed  principally  by  using  two  distinct 
component  imaging  schemes,  namely,  on-track  (A/,)  sensi¬ 
tive  and  cross-track  (Afr)  sensitive  imaging  modes.  We  then 
discuss  their  behavior  as  a  function  of  recording  wavelength. 


Images  of  the  surface  fields  were  obtained  by  magnetic 
force  (canning  frnmeling  microscopy.5*  Basically,  this 
method  generates  s  2D  mapping  of  magnetic-induced  deflec¬ 
tion  of  a  probe  as  a  function  of  its  position  on  the  surface. 
The  deflection  of  the  probe  Az  which  provides  the  contrast 
mechanism.  is  related  to  the  local  field  by  the  relation5’7 

Az«mn  d(cos  8  cos  4HX+ cos  8  sin  dff,+s in  8Ht), 

(1) 


where  Hx  and  Hr  refer  to  the  in-plane  components  along  the 
track  sad  cross- track  directions,  respectively,  while  H ,  is  the 
vertical  component  of  the  field.  The  angle  8  is  the  inclination 
of  the  probe  relative  to  the  surface  normal  and  d  defines  its 
azimuthal  orientation  relative  to  the  sample  magnetization 
direction.  By  varying  the  probe  inclination,  we  can  set  the 
relative  sensitivity  between  the  in-plane  and  out-of-plane 
magnetic-field  components;  while  by  varying  we  can  se¬ 
lect  the  in-plane  component  to  be  preferentially  imaged. 

In  these  experiments,  die  probe  was  fixed  at  an  inclina¬ 
tion  of  fr-30*,  and  the  angle  <t>  was  varied  between  0°  and 
90°.  The  patterns  which  we  studied  were  recorded  on  thin- 
film  isotropic  rigid  disk  media  with  AAC=957  Oe  and 
kfr=1.4  memu/cm2.  An  18  turn  inductive  thin-film  head 
with  14  im  lending  and  11.5  too  trailing  pole  widths  was 
used  (o  create  these  patterns  at  fixed  current.  The  bit  size  wss 
adjusted  by  varying  the  head  field  frequency  while  keeping 
the  linear  velocity  constant 

M.  RESULTS  AIM  DISCUSSION 
A.  Hx  and  H,  Images:  Edge  affects 

The  difference  between  the  orthogonal  in-plane  surface 
field  components  for  a  single  recorded  track  is  shown  in  Fig. 
1.  In  Fig.  1(a),  the  azimuthal  orientation  of  the  probe  mag¬ 
netization  was  nominally  aligned  parallel  to  the  track  so  that 
the  contrast  is  due  to  die  component  in  this  direction  (AQ. 
This  is  distinguished  from  Fig.  1(b),  where  die  probe  was 
oriented  90*  with  respect  to  the  track  direction  and  the  image 
contrast  is  mainly  from  the  field  component  along  the  cross- 
track  direction  (H,).  A  long-wsvelength  pattern  (X—20  /an) 
was  deliberately  treed  to  yield  strong  contrast  and  to  render 
the  features  more  prominently. 

Figure  1(a)  shows  the  usual  bright  and  dark  pattern  cor¬ 
responding  to  a  periodic  alternating  magnetization  along  the 
x  direction.5  Besides  the  central  track  region,  we  see  substan¬ 
tial  field  extension  from  the  edges  whose  intewity  gradually 
diminishes  with  increasing  distance  from  die  edge.  In  this 
specific  case,  the  side  pattern  can  be  detected  up  to  a  lateral 
distance  of  4  too  from  the  edge,  which  is  a  significant  frac¬ 
tion  of  the  pole  width.  We  point  out,  however,  that  this  num- 
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her  was  not  corrected  for  oar  instrumental  broadening,  end 
die  actual  distance  may  be  somewhat  shorter.  *•'’  The  side  pat¬ 
terns  appear  to  make  an  oblique  angle  of  roughly  45*  with 
the  track  direction  and  in  the  direction  of  head  motion.  This 
suggests  the  presence  of  an  ancillary  edge  magnetization 
which  was  presumably  created  by  the  side  fringing  field  of 
the  recording  head.  The  characteristic  shape  of  the  side  pat¬ 
tern,  Le.,  the  slant  in  the  direction  of  head  motion,  may  be 
attributed  to  the  motion  of  the  media  in  a  varying  head 
field1’10  and  may  have  been  further  aggravated  by  die  uneven 
pole  geometry  of  the  recording  bead.  The  cross- track  com¬ 
ponent  image  in  Fig.  1(b)  shows  a  markedly  different  feature 
of  the  side  patterns.  Instead  of  the  side  extensions,  we  find  a 
series  of  alternating  bright  and  dark  strips  which  are  local¬ 
ized  along  the  edges.  The  cross-track  distance  separating  two 
aasociatcd  strips  is  shoot  16  fan,  which  is  2  fun  longer  than 
the  leading  pole  width  of  the  head.  These  field  patterns, 
which  occur  pair-wise  on  both  sides  of  the  track  in  mutually 
opposite  directions,  were  clearly  produced  by  a  component 
of  magnetization  transversely  oriented  with  teepect  to  the 
track.  We  infer  that  tint  croas- track  magnetization  was  cre¬ 
ated  by  die  y  component  of  tile  recording  head  field  which  is 
concentrated  mainly  near  the  edges  of  its  poles. 

It  is  interesting  to  note  tint  since  these  edge  strips  ire 
correlated  with  the  magnetization  pattern  of  the  main  track, 
then  the  faux  information  contained  in  the  main  pattern  can, 
in  principle,  be  obtained  by  leading  the  ride  strips,  instead. 
Employing  these  edges  either  as  tracking  servo  or  data  chan¬ 
nels  may  be  appealing  since  these  edge  strips  sre  intrinsically 
localized,  having  widths  of  lees  dim  a  micron.  A  system 
using  these  edges  as  recording  channel  may  be  able  to 
achieve  a  much  larger  track  density  in  companion  with  coo- 


no.2.  Hack  adja  WaHor  m  a  fkoctioo  of  raconhag  mkipl  la  oon- 
daesad  far  (a)  gntotoM  ha**  to  oatock  rows  ratal  <«,),  aad  <b) 
now  Hick  or  tuoaq  add  toaglag. 


ventional  systems  requiring  the  full  track  width  for  signal 
detection. 

We  now  focus  on  the  subtleties  of  these  observations. 
Nate  that  the  variations  in  the  interior  of  the  track  in  Fig. 
1(b)  are  not  due  to  the  Hy  component  persisting  at  these 
regions  since  there  is  negligibly  small  Hy  field  it  the  centers 
of  the  track.  Rather,  these  are  due  to  residual  contribution 
from  the  vertical  field  component  H,  which,  as  given  in  Eq. 
(1),  mixes  with  the  nominally  ff, -sensitive  imaging  scheme. 
This  point  becomes  clear  if  we  consider  the  image  of  a  track 
with  the  same  wavelength  but  uneven  magnetization  pattern 
shown  is  the  inset.  In  this  case  when  the  bit  size  is  small,  the 
z  component  is  greatly  reduced  which  causes  the  edge  strips 
to  appear  more  pronounced.  The  degree  of  differentiation 
into  individual  components  is  dependent  upon  the  specific 
pattern  and  field  components  other  than  the  preferential  com¬ 
ponent  can  similarly  interact  with  die  imaging 
probe.7  Nevertheless,  this  feature  of  die  technique  has  also 
allowed  ns  to  observe  some  interesting  features  erf  the  aide 
band,  dote  examination  of  Fig.  1(b)  reveals  that  each  indi- 
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He  me w  characterize  these  edge  (fleet*  a*  the  wawe- 
leagth  ie  reduced  to  values  doaer  to  real  recording  syilems, 
and  andatttnd  how  the  e^ge  pattern*  and  the  effective  traek- 
widlh  behave  aa  the  recording  wavelength  is  deertaaed.  We 
define  the  effective  tnckwidth  aa  the  aam  of  fee  main  hack 
plus  IBS  wuun  oc  ootn  nos  psnsnis,  am  we  osims  rae 
boundary  between  the  mam  teach  edge  and  aide  written  re¬ 
gion  in  H,  imaging  m  the  interaction  of  an  imaginary  line 
ansi  aaoM  as  uscxl  win  s  niaisf  me  scfoa  ens  not 
recorded  region  m  Snstrared  m  dashed  Ham  hi  Fig.  1(a). 

Figure  2  shows  acme  representative  component-resolved 
images  for  various  pattern  wavelengths  ranging  6cm  10  to 
2.2  jim.  In  Fig.  2(a),  we  find  that  fire  lateral  extent  of  the  side 
written  areas  dimmish  more  or  less  proportional  to  the  re¬ 
corded  wavelength,  reduced  from  3  pm  at  X=10  /on,  1  / rm 
for  X=3  eon,  and  imperceptible  at  X“2  /an.  By  considering 
a  large  number  of  images  similar  to  those  in  Fig.  2,  we  es¬ 
tablished  some  characteristic  trends  in  the  behavior  of  die 
main  track  width.  From  die  longest  wavelength  (X»20  jam) 
down  to  aboot  X=3  /rm,  the  width  is  more  or  km  constant  at 
15  /an  (1  fan  grater  than  lie  head  pok  width),  hot  dimin¬ 
ishes  gradually  at  shorter  wavelengths  op  to  about  13  /tm. 
Thus,  the  effective  tradcwiddi  shortening  ie  e  two  step  pro¬ 
cess:  First,  occurring  from  king  to  intermediate  recording 
wavelengths,  the  side  pattern  contribution  contracts  while  the 
main  trade  remains  at  thorn  1  /tm  wider  than  die  leading 
pole.  Then,  at  extremely  short  wavelengths,  the  main  track 
width  decrease*  likewise  and  approaches  e  value  doner  to 
the  average  pole  width.  We  speenhte  that  since  the  magni¬ 
tude  of  the  head  field  dininiiehee  with  increasing  frequency. 


then  foe  kxne  of  pemte  on  fee  aesHe  inch  feat  H,>HC  cor- 
rmpondtagly  affects  a  much  smalm  ere*.15  At  An  Ughaat 

abruptly  j^thTuwm  tdlwfoMkM^ipiidlema  are  high, 
merely,  at  the  cade  of  the  poke  and  midway  between  them. 
Hem  remits  are  eomimant  with  the  H,  edge  amoturee 
fim  hi  Hg.  2(h).  The  chancrerirtic  thortmiag  of  the  width 
ef  the  ami  tack  k  idamkat  tm  both  *w?gkt  adrenal*  hr 
the  present  case,  while  the  bunging  mode  wm  preferential  to 
Hy ,  dre  patterns  appear  to  have  large  H,  field  roarer*  as  well 
became  at  them  wavekagfea  H,  k  ranch  monger  thm  the 
Hy  edge  field.  Nevertheless,  we  oheerve  that  dre  edge  atnac- 
tmet  get  more  ktrailiaal  and  dre  imretdly  weakens  ranch 
more  npkfiy  with  wavekagfe  ire  coregmiaoa  wife  edge  the 
mudrnm  in  Fig.  2(a).  Similarly,  the  crone  truck  mperutinri 
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fixed  at  15  /im  at  intermediate  wavekngtha  trad  is  reduced 
by  a  micron  at  dre  shortest  wavelengths.  These  obuervadons 
imply  that  the  ability  of  the  record  head  to  produce  cross- 
track  magnetization  declines  quickly  with  frequency,  and  that 
the  cross- track  head  field  is  more  or  less  concentrated  in  the 
area  beyond  the  physical  extent  at  the  recording  head  poke. 

In  summary,  recording  artifacts  depend  very  strongly  on 
the  specific  recording  parameters  end  ft  is  difficult  to  predict 
the  outcome  of  a  particular  head  end  field  combination.  This 
work  was  done  on  isotropic  media  and  it  would  be  interest¬ 
ing  to  compare  our  observations  with  highly  oriented  media. 
Nevertheless,  it  is  dear  that  simultaneous  imaging  of  the 
on- track  and  cross-track  field  components  reveal  aignHfaamt 
insights  on  recording  characteristics. 
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CdwMwt  of  the  ■sgartir  fields  enaaatiag  from  *  recorded  surface  that  cotsies  a  Unit 
■amber  of  identical  tracks  sm  presented  The  eohaioas  ere  obtained  by  msmnhtg  that  the 
■M^eettmtioa  is  mifnm  through  the  itiirtarai  ~f  thr  film  mil  nn  ftr  represented  by  Fmirirr  nrriri 
ia  the  other  two  dbaemdoas.  Selatloas  are  obmiaad  far  both  langitodiaal  sad  vertical  recording.  lb 
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repnmnIMivu  wf  aasy  to  ass.  These  magnetic  fields  ere  thea  need  to  calculate  the  voltage  from  ea 
ideaHmd  reproduce  head.  Effects  ea  the  output  voltage  caused  by  track  width,  track  separation,  bead 
registration.  sad  haaskioa  lanffha  cea  thea  be  calculated  Examples  am  given  sad  h  is  shown  that 
the  effects  oanba  hugs,  campsesd  to  the  usual  infinite  track  width  calculations,  when  the  track  width 
or  the  track  aepaeaUea  become  comparable  to  the  recorded  waveteaglh. 


L  MTIIOOUCTION 

In  the  seminal  stride  by  Wallace,'  the  magnetic  fields 
from  a  recording  surface  were  raltnhard  assuming  an  infi¬ 
nite  track  width.  Since  thea  them  have  been  numerous  ar¬ 
ticles  in  the  literature2  that  have  mraiabiarl  the  effects  of  finite 
crack  widths,  bat  they  have  always  been  for  isolated  tracks, 
lb  our  knowledge,  the  probtim  has  aever  been  attacked  in  its 
entirety,  for  multiple  tracks. 

In  order  to  determine  the  effects  of  finite  track  widths, 
are  have  calculated  the  megsetir.  fields  from  a  recorded  sur¬ 
face  containing  an  infinite  number  of  identical  tracks.  Once 
the  magnetic  fields  are  determined,  measurable  quantities 
such  as  the  voltage  from  a  magnetic  recording  head  can  be 
calculated.  We  have  performed  numerous  such  calculations 
and  the  results  can  be  compared  to  the  same  quantities  cal¬ 
culated  for  an  infinite  track  width.  For  the  read  head  voltages 
we  show  the  effects  of  track  widths  ind  track  separations  on 
the  output  voltages.  We  show  that  these  effects  caa  become 
significant  when  the  wavelength  of  the  signal  approaches  the 
width  of  the  track. 


9.  THEORY 

The  magnetic  medium  is  s  thin  film  of  thickness  S  in  the 
z  directioa  and  infinite  extent  in  the  *  and  y  thrections.  We 
essnmr  that  the  magnetization  is  uniform  tbrongh  the  thick¬ 
ness  of  the  medium  and  can  be  represented  by  Foarier  series 
in  the  offer  two  direr neinni  The  aagaetic  field  H  in  the 
absence  of  say  currents,  cm  be  writtea  as  the  gradient  of  a 
scalar  pmemisl,  The  scalar  potential  must  satisfy 

the  equation  V*f«4vT  M,  where  H  is  the  magnetization  in 
the  ffto-fUm  medium.  This  latter  equation  comes  from  the 
constkitlive  equation  BmH+ 4  wdf,  end  the  MaxweB’s  equa¬ 
tion,  V  B—O.  Wfe  have  performed  the  cakulationt  for  the 
more  rsslhrir  rorotimtlvt  equation,3  B- but  for 
the  take  of  sfospiksfry  we  wffl  present  here  the  case  where 


The  first  magnetization  pattern  we  will  consider  is  in  the 
x  direction.  This  would  correspond  to  longitudinal  recording 
and  can  be  written  as 

V,2  LHwM  sia  kjc  cos  k,y,  (1) 

».* 

where  V,  is  the  saturation  magnetization,  L,  m  are  the  nor¬ 
malized  Fourier  coefficients,  and  k,  and  ky  are  the  wave 
■ambers  in  the  x  and  y  directions  (tI*2»a/kl, 
ky^ltmfky)  while  kx  and  kf  are  the  wavelengths.  This  rep¬ 
resentation  is  for  a  magnetization  that  is  symmetric  and  re¬ 
petitive.  We  could,  of  coarse,  further  generalize  this  by  in¬ 
cluding  phase  angles  for  a  nonsymmetric  case  or  Fourier 
integrals  for  a  noniepetilive  case. 

We  will  obtain  solutions  for  ff  in  three  regions:  (I)  above 
the  film;  (II)  in  the  film;  and  (HI)  below  the  film.  The  three 
solutions  are 

(I)  2  ♦®,*-bcos M  a*  V.  (2) 

«»* 

(II)  «K(D)=2 

mjm  * 

- P - 1008  k‘X  °°*  k,y'  ® 

(HI)  2  cos  kjc  oos kfy,  (4) 

■** 

where  1-  ylk]  +  k].  These  solutions  were  obtained  by  using: 
(i)  dm  symmetry  of  the  problem;  (ii)  the  fact  that  t>  most 
vanish  atz“±®;  (iii)  the  method  of  sepantfon  of  variables; 
and  (iv)  the  fact  that  the  trigonometric  functions  form  a  com- 
piste  orthogonal  set. 

The  coefficients  in  Eqs.  (2)— (4)  may  be  determined  by 
reqmiring  tbc  continuity  of  the  normal  B  and  the  transverse  H 
at  the  surfaces  of  the  film  fe* 0,-f).  The  results  are 
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♦2.- 1  - 

(5) 

(6) 

♦«:>=2wj 

(7) 

♦®=2#*A.«(1-*M)*j/*j, 

(8) 

where  again  we  have  wed  the  orthogonality  of  the  trigono¬ 
metric  functions.  The  magnetic  fields  can  now  be  completely 
determined  by  putting  the  coefficients  from  Eqs.  (5)— (8)  into 
the  solutions,  Eqa.  (2)-{4),  and  cakutorng  the  magnetic- 
field  components. 

For  perpendicular  recording  the  magnetization  will  be  in 
the  z  direction,  and  can  be  written  aa 

Af,=  -Af,2  P%m  ooa  ij*  cos  *,y.  (9) 

«.« 

The  solutions  will  be  the  same  aa  for  the  longitudinal  case 
except  for  the  last  term  in  Eq.  (3)  which  will  now  vanish 
since  VAf  =0  in  all  three  regions  The  coefficients  can  now 
be  calculated  as  before,  with  the  result  for  the  (1)  region 
given  by 

-e-^lk.  (10) 

Wc  have  chosen  the  relative  phases  for  the  magnetiza¬ 
tion  distributions  in  Eqs.  (1)  and  (9)  to  be  the  same  as  Wal¬ 
lace.  The  fields  that  we  have  calculated  reduce  to  those  found 
by  Wallace,  who  used  completely  different  techniques,  in  the 
limit  of  one  Fourier  component  (*,—>*,  *0).  Wallace 

showed  that  the  fields  above  the  medium  are  identical  for 
longitudinal  and  vertical  recording.  Our  results  show  that  this 
is  no  longer  true  if  *,*0. 

Wallace  also  calculated  the  fields  inside  a  high- 
penneability  head  by  using  the  method  of  images.  In  our 
case,  this  would  correspond  to  adding  a  fourth  region  above 
the  tecoiriing  medium  where  B  =  fiH  and  p  is  the  permeabil¬ 
ity  of  the  head.  We  would  then  have  to  add  an  exponentially 
increasing  solution  in  the  region  between  the  bead  and  the 
film  and  then  proceed  as  before.  The  modifications  are  the 
same  as  those  found  by  Wallace  and,  in  particular,  the  field 
inside  the  head  is  found  to  be  die  same  as  the  field  previously 
found  above  the  film  except  multiplied  by  the  factor 
+1). 


For  these  techniques  to  be  useful,  we  must  find  Fourier 
aeries  drat  are  both  repreaeatadve  and  easy  to  we.  To  this 
end,  we  have  made  an  extensive  study  of  numerous  Fourier 
series4  and  have  found  that  the  moat  useful  ones  are  series 
with  aictan  transitions  where  a  is  the  transition  length.  The 
Fourier  series  that  we  we  can  be  shown  to  be  identical  to  the 
aeries  drat  would  be  constructed  from  the  linear  superposi¬ 
tion  principle.5  The  Fourier  coefficients  that  would  corre¬ 
spond  to  a  magnetization  variation  in  the  *  direction  ire 
given  by 

(11) 


FIG.  1.  3D  cakalaUom  of  the  magnetic-field  components  (a)  HJix,y),  (b) 
ftjx.y),  and  (c)  HJx.y). 


The  coefficients  that  would  represent  the  magnetization 
distribution  in  they  or  track  width  direction  are  given  by 


Y  = 


2e~[2vma/(W+b)]  ,  vmW 


W+b  ’ 


m>  0, 


(12) 


Y  = 


W+b  ' 


*1=0, 


where  IF  is  the  trade  width,  b  is  the  bade  separation,  and  a  is 
the  arctan  transition  length  in  the  y  direction.  The  coeffi¬ 
cients  in  Eq.  (1)  would  now  be  simply  Ln  m=X,Ym .  The 
coefficients  for  vertical  recording  would  be  constructed  simi¬ 
larly.  With  die  we  of  Eqa.  (11)  and  (12)  we  are  now  in  the 
position  to  calculate  the  magnetic-field  components. 


IV.  HAQNETlC-FteU)  CALCULATIONS 

Examples  of  the  calculated  field  components  are  shown 
in  Fig.  1.  These  fields  were  calculated  for  the  case  of  longi¬ 
tudinal  recording  with  the  following  values:  Af,=l,  z=0, 
X”2Q,  IF=20,  6  =  10,  6=0.1,  and  a  =  l  (arbitrary  units). 
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Theae  vateet  wan  ckoaoi  for  tttwtntioa*  The  proAk*  of  the 
W,  aad  (he  W,  fkUs  along  the  center  of  the  tracks  ire  similar 
to  tboae  found  k  the  titorature*  for  tkgie  pokes,  but  bow  we 
have  a  comptete  description  of  the  fields  everywhere,  inctod- 
ing  the  apace  between  the  Backs.  The  H,  field  is  aew. 


V.  MAO  VOLTAGE 


We  aow  catcnkte  the  voltage  from  as  Idealized  repro¬ 
ducing  bead  by  fladkg  the  time  tale  of  change  of  the  mag¬ 
netic  8ux  through  the  head,  la  this  cate  we  have  to  integrate 
H,  over  the  head  ana  in  both  the  z  aad  y  directions  with  die 
result 


V^—iwM.vNW^  X.Y, 

**  1 


k,ysmk,WJ  2 
kj  kyWJI 


x<-fa(l -e'^coa  kjt  cos  k,y,  (13) 

where  v  is  the  velocity  of  the  bead  relative  to  the  medium,  N 
is  the  number  of  head  turns,  VP*  is  the  width  of  the  head,  and 
the  point  (*,y,z)  is  now  at  the  center  of  the  head.  The  same 
calculation  can  be  performed  for  perpendicular  recording 
with  the  identical  result  except  that  the  factor  (kjk)3  is  re¬ 
placed  by  the  factor  (kjk)1. 

Equation  (13)  is  an  extremely  useful  equation.  When 
combined  with  Etp.  (11)  and  (12)  it  allows  the  calculation  of 
the  usual  losses  (spacing,  thickness,  and  frequency  lenses), 
but  it  also  allows  the  calculation  of  effects  due  to  the  track 
width,  the  track  separation,  the  location  of  the  h  d  lative 
to  the  track,  and  the  effects  of  the  transition  lengths  on  the 
output  voltage.  The  effects  of  a  finite  head  ?ap  can  be  in¬ 
cluded  in  Eq.  (13)  by  multiplying  each  term  by  the  factor, 
sin(*,g/2)/(*xg/2),  where  g  is  the  w'dth  of  the  bead  gap. 

We  will  use  Eq.  (13)  to  calculate  the  peak  output  voltage 
in  the  Wallace  case  (one  harmonic  in  the  x  direction);  divide 
the  result  by  the  Wallace  voltage;  and  then  plot  the  result  as 
a  function  of  the  track  reparation  b.  The  result  is  shown  in 
Fig.  2  (dashed  curve),  where  the  other  parameters  are:  z=0, 
H7X— 1,  <SrX=0.01,  and  u/X=0.02.  It  can  be  seen  that  the 
relative  output  first  decreases  and  then  levels  off.  These  re¬ 
sults  are  not  unreasonable  since  we  have  shown  that  our 
result  reduces  to  that  of  Wallace  when  b-» 0,  and  when  b 
becomes  finite  the  output  will  decrease  until  there  is  no 
longer  any  interaction  between  the  tracks.  Figure  2  tints  con¬ 
tains  two  important  results:  (i)  It  shows  bow  far  the  tracks 
have  to  be  separated  to  prevent  interaction  (about  one  wave¬ 
length);  and  (ii)  it  shows  the  magnitude  of  the  loss  due  to  the 
track  separation  (about  20%  in  this  case). 

We  can  now  keep  the  separation  constant  (b/X=0.5)  and 
see  how  this  loss  changes  as  the  width  W  is  varied.  The 
result  is  also  shown  in  Fig.  2,  and  it  can  be  seen  that  the  loss 


track  worn  w/x 


FIG.  2.  Batata  output  vokage  m  >  fimetiaa  of  6/X  (dashed  cum),  aud 
Wfk  (aotid  cum). 

can  be  coasidembfe  for  small  W  ( W<X).  This  is  due  to  the 
fact  that  the  Wallace  voltage  is  linear  in  W  while  our  result  is 
proportional  to  W2  for  small  W  and  constant  b. 

The  results  shown  in  Fig.  2  are  just  a  sampling  of  the 
type  of  calculation  that  can  be  performed  using  Eq.  (13). 
Another  measurable  quantity  that  can  be  calculated  from  the 
magnetic  fields  is  the  displacement  of  the  probe  tip  of  a 
magnetic  force  scanning  tunneling  microscope7  (MFSTM) 
We  have  ihown  previously  how  the  probe  tip  deflections  are 
related  to  the  magnetic  fields  and  how  the  different  compo¬ 
nents  of  the  fields  can  be  isolated  by  the  orientation  of  the 
probe.  These  calculations  can  now  be  repeated  for  the  mag¬ 
netic  fields  that  we  have  calculated  here.  It  can  be  shown  that 
the  different  components  of  the  fields  can  still  be  isolated  for 
the  case  of  a  rigid  triangular  probe  that  is  constrained  to 
rotate  in  only  one  direction.  Throe  isolation  effects  have  been 
confirmed  experimentally*  The  calculations  become  quite 
complicated  when  the  H,  component  is  included  and  space 
precludes  their  presentation  here.  We  do,  however,  intend  to 
pursue  these  studies,  both  theoretically  and  experimentally. 
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Micromagnetic  modeling  and  tune-domain  experimental  measurements  are  combined  to  study 
spatial  noise  correlations  between  two  closely  recorded  transitions  in  oriented  longitudinal  thin-fthn 
media.  The  Karinmen-Loeve  expansion  method  is  ntiliwd  to  characterize  the  noise  correlations. 

The  analysis  shows  that  the  noise  correlation  of  the  dipulaes  exhibits  three  principle  modes: 
amplitude  variation,  shift  in  unison,  and  breathing.  The  supralmear  increase  of  noise  at  small  bit 
intervals  in  welt-oriented  longitudinal  film  media  is  dominated  by  the  amplitude  variation,  which 
arises  from  large  variation  of  the  degree  of  percolation  between  adjacent  transition  boundaries.  The 
results  from  the  micromagnetic  modeling  shows  excellent  agreement  with  the  results  obtained  from 
the  experimental  time-domain  noise  measurements. 
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i.  wmoDuenoN 

Not  only  is  transition  noise  in  thin-fllm  media  nonsta- 
tionary,  noise  of  closely  recorded  transitioas  at  high  record¬ 
ing  densities  is  also  correlated  due  to  intertrusition 
interactions.1  Understanding  noise  behavior  should  help  ad¬ 
vanced  recording  system  design.  With  the  introduction  of 
more  advanced  data  recovering  channels,  knowledge  of 
noise  correlation  between  adjacent  transitioas  becomes  ex¬ 
tremely  important. 

Micromagnetic  modeling  can  clarify  the  relationship  of 
medium  noise  behavior  to  film  mkxostmcture  and  magnetic 
properties.  Our  previous  modeling  studies  mi  di-bit  transi¬ 
tions  have  characterized  the  nonlinear  noise  enhancement  at 
high  recording  densities  in  the  presence  of  intertransition  in¬ 
teractions.  In  this  article,  we  present  an  analysis  of  film  me¬ 
dium  noise  at  high  recording  densities  based  on  a  combined 
micromagnetic  modeling  and  experimental  measurements  of 
di-bit  transition  pairs. 

IL  METHOD  OF  NOME  ANALYSIS 

Noise  of  a  closely  recorded  di-bit  transition  pair  repre¬ 
sents  the  simpliest  case  of  intertranaition  interactions.1^  In 
this  article,  we  focus  on  noise  correlation  in  such  di-bits. 
However,  the  method  for  the  noise  correlation  analysis  pre¬ 
sented  can  be  applied  to  any  multiple  transition  patterns. 

Suppose  that  we  have  an  assembly  of  voltage  dipulses, 
read  bade  from  an  assembly  of  dibit  transition  pairs.  By  sub¬ 
tracting  the  ensemble  mean  from  each  dipulse,  one  obtains 
an  assembly  of  noise  voltage  wave  forms, 

&.Vt(x)™Vt(x)-V(x),  k  =  l,2,...Jf,  (1) 

where 

1  " 

V(*)=£  2  Vt(x)  (2) 

is  die  mean  voltage  wave  form.  The  autocovariance  of  noise 
voltage. 


tU*i.**)*4  2  dVVx.jdvyxj),  (3) 

N  t-i 

contains  noise  correlations  between  the  two  adjacent  transi¬ 
tions  in  the  di-bit.  To  characterize  noise  correlations,  the 
Karhunen-Loeve  (KL)  expansion,  used  previously  in  ana¬ 
lyzing  noise  properties  of  isolated  voltage  pulses,3  is  used  to 
obtain  the  noise  correlation  in  the  dipulse  here.  In  the  KL 
expansion,  the  Jtth  noise  voltage  wave  form  in  the  assembly 
[Eq.  (1)]  can  be  expressed  by 

m 

AVt(x)  =  2  «,(*)0,U),  (4) 

i«l 

where  Oj(i)  are  random  variables  with  zero  mean  and 
{$l(x),  i=  1 . m}  are  the  eigenfunctions  of  A„(x,  ,x2), 

I  Jo  A*(x’sWAs}‘ts=Ki,t,M-  (5) 

Note  that  or,  and  ay  are  statistically  independent  provided 
that  idj, 

1  " 

$  2  «,(*)«,<*)= Mtj-  (6) 

Thus,  4t(x)  and  <j>,(x)  will  be  referred  to  as  different  noise 

modes,  provided  i*j.  The  total  noise  power  and  weighting 

of  each  noise  mode  can  be  defined  respectively  as 

AT 

NP=2  (7) 

1-1 

and 

w<t=55-  (8) 
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FIG.  1.  Autocovariaace  o i  voltage  noise  A,(x,,x3)  from  aucronatnetic 
timtiiartoa  at  B  *0.36  pm.  The  uan  of  the  axis  it  the  diameter  of  a  gram  in 
the  modeled  thin  Urn,  0-0.03  ftm. 


M.  RESULTS  OP  MCRONMMET1C  MOOEUNO 

A  micromagnetic  model,  developed  previously,  is  used 
to  simulate  di-bit  transition  pairs  in  a  highly  oriented  foin- 
fihn  medium.  The  angles  between  the  magnetocrystalline 
easy  axes  of  the  grains  in  the  modeled  film  are  assumed  to 
follow  a  Gaussian  distribution  in  the  film  plane  with  standard 
deviation  A9»30°.  The  calculated  orientation  ratio  through 
simulation  of  hysteresis  loops  is  3.6.4  Zero  intergranular  ex¬ 
change  coupling  and  MJHk= 0.2  were  assumed  in  the  cal¬ 
culation. 

Recording  of  di-bit  transition  pairs  is  simulated  using  the 
Karlqvist  head  field  function.  A  gap  length  g  =0.36  ftm  and  a 
head  medium  spacing  4=0.06  fit n  are  assumed.  The  read- 
back  voltage  wave  form  is  calculated  from  the  simulated 
magnetization  pattern  by  reciprocity  theorem.  N= 60  di-bit 
transition  pairs  are  simulated  with  different  random  distribu¬ 
tion  of  the  grain  easy  axis  orientation  to  mimic  recording  at 
different  locations  of  a  film  medium.  The  write  interval  be¬ 
tween  the  two  transitions  in  a  dibit,  B,  is  varied  from 
8=1.08  /urn  to 8=0.24  ft m.  Detailed  noise  analysis  will  be 
given  only  for  8  =0.36  ft m  where  the  integrated  noise  power 
reaches  the  maximum.4 

Figure  1  shows  the  autocovariance  of  the  read-back 
noise  voltage,  A„(x,,x2).  Along  the  diagonal  line  (xi=x2), 
the  profile  represents  the  variance  of  the  voltage  dipuLses 
which  exhibits  two  peaks  at  dipulse  peak  positions.  Off  the 
diagonal  line,  the  autocovariance  shows  two  well- 
pronounced  negative  peaks. 

The  left-hand-side  column  in  Kg.  2  shows  the  three  most 
significant  eigenfunctions  with  the  mean  voltage  dipulse 
plotted  as  dashed  curves.  According  to  the  number  of  zero 
crossings,  the  cigenmodes  have  been  named  one-node,  two- 
node,  and  three-node  modes.  On  the  right-hand-ride  column, 
corresponding  noisy  voltage  wave  forms,  (V(x))±  a<f>  f(x), 
are  plotted.  The  figure  dearly  shows  that  the  one-node  mode 
corresponds  to  coherent  magnitude  fluctuation  of  the  two 
peaks  in  foe  dipulse,  thereby  referred  to  as  foe  amplitude 
mode.  Note  that  at  this  bit  interval,  this  mode  dominates  the 
total  noise  power  with  80%  weighting.  The  two-node  mode 
here  represents  foe  two  voltage  pubes  essentially  shifting 


FIG.  2.  SigwIV-aw  dgenfaactiows  4,  at  the  auocomriaact  shown  is  Fig.  1 

“ - fri — ~  r  n  iiiy  iBplarr  ft'Qtt  -  n.  i.  itranmeiming  ih . 

rcapowting  dipube  variation  at  each  aoiae  mode.  The  percentage  aiunben. 
represent  weigh  haw  of  each  noise  mode  over  the  total  name  power. 


together,  thereby  referred  to  as  shift- in-unison  mode  which  is 
15%  of  the  total  noise  power.  The  three-node  mode  consti¬ 
tutes  only  weights  5%  of  foe  total  noise  power  with  the  two 
pubes  moving  toward  or  away  from  each  other. 

Analysis  of  foe  corresponding  magnetization  transition 
assembly,  provides  understanding  of 

foe  voltage  noise  modes  since  foe  cigenmodes  of  foe  magne¬ 
tization  transition  noise  and  the  cigenmodes  of  foe  voltage 
noise  have  approximate  one-to-one  correspondence.  Figure  3 
shows  the  three  magnetization  transition  noise  cigenmodes, 
corresponding  to  foe  three  voltage  noise  modes  shown  in 
Fig.  2.  The  eigenfunctions  are  plotted  in  the  left-hand-side 
column  with  average  magnetization  transition  profile  shown 
as  dashed  curve.  On  foe  right-hand-side  column,  the  corre¬ 
sponding  two  noise  di-bit  transitions  are  plotted.  Note  at  this 
intelbit  interval  that  foe  two  adjacent  transitions  are  signifi¬ 
cantly  overlapped  and  transition  boundaries  have 
percolated.4  The  voltage  noise  amplitude  mode  is  caused  by 
the  variation  of  the  degree  of  the  percolation,  as  foe  first 
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FIG.  3.  The  eifmfaactioos  of  magMtiatMa  hmUfcia  doom.  wtocoviriiiiiT 
conaapoadlag  to  the  voltage  noise  eigenfunctions  shown  in  Fig.  2.  The 
curve*  in  the  right-hand-side  cohaon  arc  the  representative  noisy  tranmtwn 
profiles. 
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FIG.  5.  Notac  power,  ilnwlw  normalized  by  imbil  interval  B,  of  the 
bit  two  i|aifV  Ml  ama  soda,  obtawed  bout  cxpenmcaral  hkmuk 
man,  ire  plotted  at  a  fnacuoa  of  ioterbit  aaervaj  B.  The  deeded  curve  in 
the  figure  ttpreaeau  the  menwred  total  aotae  power 
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FIG.  4.  Three  -igr**~~*  ergealaorltowa  o I  autocovariance  calculated  from 
the  ercpenmeatal  djptdac  nolle  meaameaiant 

magnetization  transition  noise  mode  shows.  The  fact  that  the 
weighting  of  this  transition  noise  mode  is  slightly  less  than 
that  of  the  voltage  is  due  to  the  slight  intermode  mixing 
between  the  magnetization  mention  and  read-back  voltage 
noise.  The  voltage  shift-in-unison  mode  arises  from  a  shift  in 
unison  of  die  transition  pair.  This  is  likely  caused  by  local 
variation  of  the  magnetic  reversal  properties  due  to  local 
variation  of  the  grains’  easy-axis  orientation.  The  voltage 
noise  breathing  mode  corresponds  to  another  type  of  perco¬ 
lation  variation:  If  the  transition  boundaries  become  more 
severely  percolated,  the  residual  transitions  become  broader. 

IV.  EXPERIMENTAL  MEASUREMENT 

A  time-domain  measurement  of  medium  di-bit  noise  was 
performed  on  an  air-bearing  spin-stand  tester.  A  thin-film 
head  with  a  track  width  10  /cm  and  a  flying  height 
<f  ~4/<in.  was  used  for  recording  and  read  back.  A  sequence 
of  100  dibit  transition  pairs  with  an  index  single  transition 
were  recorded  on  a  previously  dc  saturated  track  in  a  longi¬ 
tudinal  thin-film  medium  with  orientation  ratio  2.34.5  A  Tek¬ 
tronix  digitizer,  model  RTD720A,  is  used  to  capture  the  en¬ 
tire  di-pulse  sequence  waveform  in  a  single  record  repeatedly 
for  30  times.  The  electronic  noise  in  the  wave  form  is  elimi¬ 
nated  by  avenging  the  multiple  read  backs  using  the  index 
pulse  for  alignment  The  100  dipulses  in  the  electronic  noise- 
free  wave  form  forms  the  dipulse  assembly  and  the  analysis 
of  noise  autocovariance  is  then  performed. 

Figure  4  shows  the  eigenfunctions  corresponding  to  the 
largest  three  eigenvalues  for  interbit  interval  B  =0.75  pun, 
where  the  total  noise  power  reaches  its  maximum,  chosen  for 
a  fair  comparison  with  simulation  results.  The  three  modes 
show  exactly  the  same  characteristic  shape  as  tire  simnlidon 
results  (Fig.  2)  and  similar  noise  power  weightings  for  each 
mode. 

Figure  3  shows  the  noise  power  values  for  both  the  am¬ 
plitude  mode  and  shift-in-unison  mode  versus  inverse  inter¬ 
bit  interval  1 JB.  At  large  hit  intervals,  the  shift-in-unison 
mode  constitutes  the  main  noise  power  while  the  contribu¬ 


tion  from  the  amplitude  mode  is  small.  At  small  bit  intervals 
where  the  total  noise  power  increase  sharply  with  decreasing 
bit  interval,  the  amplitude  mode  starts  to  dominate  the  tran¬ 
sition  noise,  just  as  the  micronugnetic  simulation  results 
showed. 

V.  CONCLUSION 

Utilizing  the  KL  expansion  method,  noise  correlation  of 
a  pair  of  interacting  transitions  in  a  well-oriented  longitudi¬ 
nal  thin  film  is  characterized  mainly  by  three  correlation 
modes:  amplitude  mode  where  the  amplitude  of  the  two 
pulses  increase,  or  decrease,  together;  shift-in-unison  mode 
where  the  dipulse  shifts  its  position  while  maintaining  the 
essential  functional  shape;  and  breathing  mode  where  the 
two  pulses  move  toward  or  away  from  each  other.  At  interbit 
intervals  before  transition  boundaries  become  percolated,  the 
noise  is  dominated  by  shift-in-unison  mode.  At  small  bit  in¬ 
tervals  where  fire  percolation  occurs,  the  amplitude  variation 
mode  becomes  greatly  pronounced,  yielding  a  supralinear 
noise  increase  at  high  recording  densities,  while  the  shift-in- 
unison  fluctuation  reduces  its  magnitude.  Excellent  agree¬ 
ment  on  the  noise  characteristics  between  the  micromagnetic 
simulation  and  time-domain  experimental  measurements  has 
been  obtained.  Understanding  of  these  noise  characteristics 
should  help  to  guide  an  improved  recording  system  design. 
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Medium  noise  correlations  in  dibit  data  patterns  have  been  studied  experimentally  in  thin  film 
disk/head  recording  systems.  An  empirical  eigenfunction  expansion  was  utilized  to  identify  the 
dominant  noise  modes  and  possible  associated  physical  mechanisms.  At  large  bit  separation  where 
noise  power  adds  linearly,  dibit  in-phase  jitter  and  out-of-phase  jitter  were  found  to  be  the  leading 
noise  modes.  The  noise  waveform  shape  associated  with  out-of-phase  jitter  approaches  that  of  the 
dibit  signals  (i.e.,  this  mode  of  noise  becomes  amplitude-like)  as  the  bit  separation  is  reduced.  In 
addition,  dibit  amplitude  variation  due  to  the  interaction  between  the  two  pukes  generates  the  same 
amplitude-like  noise  for  a  small  dibit  separation.  Amplitude  mode  noise  increases  as  the  bit 
separation  is  reduced,  causing  the  supralinear  noise  increase  in  high  recording  density.  Results  from 
nonlinear  amplitude  reduction  measurement  in  dibit  recording  indicate  a  dose  correlation  between 
the  nonlinearities  and  the  supralinear  noise  enhancement  at  high  recording  density. 


Earlier  studies  have  shown  that  the  integrated  noise 
power  in  thin  film  longitudinal  recording  media  increases 
with  signal  frequency,  indicating  the  nonstationary  nature  of 
the  noise.1  For  new  drives  operating  at  higher  density,  espe- 
cially  when  MR  heads  are  integrated  into  the  system  result¬ 
ing  in  a  high  playback  gain,  the  importance  of  medium  noise 
increases.  The  understanding  of  medium  noise  correlation  is 
especially  crucial  for  the  PRML  channel.  The  time  domain 
noise  autocorrelation  function  is  particularly  suitable  for 
characterizing  the  nonstationary  noise.2 

One  of  the  difficulties  in  time  domain  noise  measure¬ 
ment  is  to  generate  a  stable  timing  reference.  Any  fluctuation 
in  the  timing  reference  appears  in  the  measurements  as  data 
pattern  position  fluctuation.  The  time  domain  medium  noise 
correlation  function  was  first  measured  by  Tang3  using  a  de¬ 
layed  trigger  technique.  A  new  measurement  technique  that 
does  not  require  special  hardware  trigger  was  recently 
introduced.4  In  this  paper,  an  improved  version  of  this  tech¬ 
nique  is  extended  to  the  dibit  noise  correlation  study. 

The  data  pattern  used  in  this  study  is  illustrated  in  Fig.  1. 
A  dibit  pattern  is  placed  between  two  well-separated  isolated 
pulses,  which  are  captured  for  alignment  purposes.  En¬ 
sembles  of  data  patterns,  each  composed  of  200-400  wave¬ 
forms,  were  collected  for  each  dibit  separation.  The  energy 
median  of  the  first  pulse,  defined  as  the  temporal  point, 
where  energy  to  the  left  equals  energy  to  the  right,  is  calcu¬ 
lated  for  each  ensemble  member.  Each  data  pattern  is  then 
shifted  in  order  to  align  the  energy  median  of  the  first  iso¬ 
lated  pulses  of  all  the  data  patterns.  After  alignment,  the  cen¬ 
ter  dibits  were  averaged  and  the  noise  associated  with  each 
waveform  was  determined  by  subtracting  the  average.  The 
two-dimensional  noise  correlation  function  for  an  ensemble 
of  waveforms  was  calculated  by 

1  " 

C(*1>*2)  =  y  2  W 

"  i-1 

where  Mis  the  number  of  waveforms  in  the  ensemble,  n^t) 
is  the  noise  waveform  for  the  ith  waveform,  and  t,  and  r2  are 


two  temple  points.  Since  the  energy  median  locations  are 
affected  by  the  noise  in  the  channel,  this  alignment  intro¬ 
duces  an  extra  amount  of  position  jitter  to  the  noise  correla¬ 
tion  function  of  the  center  dibit,  i.e.,  the  noise  correlation 
calculated  after  the  alignment  is  composed  of  both  the  intrin¬ 
sic  noise  of  the  dibit  pattern  and  the  alignment  jitter  intro¬ 
duced  in  the  alignment  process.  The  alignment  jitter,  namely 
the  energy  median  fluctuation  of  the  first  isolated  pulse  in 
Fig.  1,  can  be  determined  by  measuring  the  fluctuation  of  the 
energy  median  separation  of  the  first  and  second  isolated 
pulses.  Since  the  two  isolated  pulses  are  well  separated,  and 
the  fluctuations  of  the  two  energy  medians  are  assumed  to  be 
independent  and  identical,  the  alignment  jitter  is  determined 
by  the  energy  median  separation  fluctuation  divided  by  vl. 
The  energy  median  is  chosen  as  an  alignment  reference  be¬ 
cause  it  is  relatively  insensitive  to  white  Gaussian  noise.  The 
alignment  jitter  is  removed  from  the  total  jitter  embedded  in 
C(r,  ,r2),  which  is  determined  by  empirical  eigenfunction 
expansion.9 

The  experimental  parameters  utilized  in  this  study  are 
listed  in  Table  I.  For  both  setups,  a  two  stage  trigger  tech- 


F1G.  1.  Waveform  used  in  the  study. 
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nique  was  used  with  a  digital  oscilloscope.  The  primary  trig¬ 
ger  was  the  index  of  the  spindle  to  ensure  a  once  per  revo¬ 
lution  data  capture,  the  second  trigger  source  in  the  delay¬ 
by-event  mode  was  the  repeating  data  pattern.  Each 
waveform  was  averaged  up  to  64  times  to  remove  the  sta¬ 
tionary  electronic  noise.  After  data  collection,  the  trigger  de¬ 
lay  event  number  was  advanced  for  the  next  waveform  cap¬ 
ture.  This  process  was  repeated  until  the  desired  number  of 
waveforms  was  stored.  Dibit  with  different  bit  separations 
were  measured.  The  waveforms  were  sampled  at  2 
GSamples/s  by  using  a  Tektronix  DSA  602A  scope  for  setup 
1.  The  sample  rate  for  setup  2  was  400  MSamples/s  by  using 
a  HPS4U2D  digital  scope.  The  empirical  eigenfunction  ex¬ 
pansion  was  applied  to  the  correlation  function  C(r,,/2).s 
The  noise  modes  and  associated  mechanisms  are  discussed 
in  the  following  section.  The  nonlinear  amplitude  loss  for 
each  bit  separation  was  also  measured.  This  loss  is  defined  as 
the  ratio  of  measured  dibit  peak-to-peak  amplitude  to  that 
expected  from  measured  isolated  pulse  based  on  linear  su¬ 
perposition. 

The  measured  noise  correlation  function  (after  removing 
alignment  jitter)  for  a  well-separated  dibit  is  shown  in  Fig.  2. 
The  data  from  setup  2  are  used.  It  is  clearly  seen  that  the 
dibit  noise  correlation  can  be  determined  from  linear  super¬ 
position  of  the  noise  correlation  of  the  isolated  pulse3'4  at 
large  bit  separations.  The  leading  two  normalized  eigenfunc¬ 
tions  for  the  noise  correlation  function  shown  in  Fig.  2  are 
plotted  in  Fig.  3.  The  dibit  signal  is  also  shown  for  compari¬ 
son.  The  eigenvalue  associated  with  the  first  two  eigenfunc¬ 
tions  is  much  larger  than  the  other  eigenvalues  in  the  expan¬ 
sion.  This  is  true  for  the  entire  range  of  the  dibit  separations 
used  in  this  study,  indicating  the  dominance  of  the  two  noise 
modes  in  dibit  recording.  The  first  eigenfunction,  almost 
identical  to  the  first-order  derivative  of  file  signal,  is  identi¬ 
fied  as  the  dibit  position  fluctuation,  i.e.,  the  locations  of  both 
pulses  in  the  dibit  move  in  the  same  direction  (in-phase  jit¬ 
ter).  The  second  eigenfunction  results  from  the  fluctuations 
of  the  locations  of  the  two  pulses  in  the  dibit  in  the  opposite 
direction  (out-of-phase  jitter)  and  resembles  the  first-order 
derivative  of  the  positive  and  negative  isolated  pulses  placed 
in  the  locations  of  the  two  pulses  in  the  dibit. 

The  measured  dibit  noise  correlation  function  for  a  small 
bit  separation  is  shown  in  Fig.  4.  The  correlation  function 
exhibits  two  separated  peaks.  Noise  power  in  the  center  of 
the  dibit  is  very  low  similar  to  Ref.  8.  The  associated  two 
leading  eigenfunctions  are  plotted  in  Fig.  5.  The  dibit  signal 
is  also  shown.  The  in-phase  jitter  remains  and  an  amplitude¬ 
like  noise  emerges  as  the  leading  noise  mode.  This  mode  of 
noise  originates  from  two  possible  physical  mechanisms: 
First,  the  out-of-phase  jitter  (the  shape  of  the  out-of-phase 
jitter  approaches  that  of  the  dibit  signal  as  the  bit  separation 
is  reduced);  and  second,  the  amplitude  variation  of  the  dibit. 
The  latter  may  be  caused  by  the  nonlinear  interaction  be¬ 
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tween  the  two  pulses  in  the  dibit  (e.g.,  the  percolation  fluc¬ 
tuation).  The  noises  resulting  from  these  two  mechanisms  are 
almost  identical  (in  vector  space,  the  two  noise  vectors  are 
nearly  parallel)  for  small  bit  separations. 

The  noise  power  in  the  two  leading  noise  modes  is  plot¬ 
ted  versus  bit  separation  for  setup  2  in  Fig.  6.  The  errors  are 
the  spread  of  the  result  from  multiple  data  collections.  The 
noise  associated  with  in-phase  jitter  decreases  slightly  at 
small  bit  separation.  The  noise  associated  with  the  amplitude 
mode  (out-of-phase  jitter  for  large  bit  separations)  increases 
and  hence  becomes  the  dominant  noise  source  as  the  bit 
separation  is  reduced.  The  two  separate  peaks  of  the  noise 
correlation  function  are  the  direct  result  of  the  dominance  of 
the  amplitude  mode  noise.  The  amplitude  reduction  of  dibits 
is  also  plotted  versus  bit  separation  in  the  same  figure.  It  is 
seen  that  the  increase  in  the  amplitude  mode  noise  and  the 
amplitude  reduction  occur  approximately  at  the  same  bit 
separation,  as  noted  previously  by  Melas  el  al1  Comparison 
for  setup  1  shows  the  same  result.  In  Fig.  7,  the  ratio  of  noise 
power  to  bit  separation  for  the  two  leading  eigenfunctions 
are  plotted  versus  the  ratios  of  bit  separation  to  transition 
parameter  for  both  setups.  The  data  are  normalized  to  that  at 
low  density.  The  transition  parameters  were  calculated  by 
using  the  Williams-Comstock  Model  (343  and  127  nm  are 
used  for  each  setup,  respectively).  The  supralinear  increase 
in  the  amplitude  noise  results  in  the  supralinear  noise  en¬ 
hancement  for  a  high-frequency  recording,  as  observed  in 
frequency  domain  measurements.1 

Noise  correlation  functions  were  measured  for  dibit  pat¬ 
terns  with  varying  bit  separations.  An  empirical  eigenfunc¬ 
tion  expansion  was  used  to  identify  the  leading  noise  modes. 
For  large  bit  separation,  in-phase  and  out-of-phase  jitter  were 
found  to  be  the  leading  noise  sources.  The  shape  of  the 
eigenfunction  associated  with  the  out-of-phase  jitter  ap¬ 
proaches  that  of  the  dibit  signal,  resulting  in  an  amplitude¬ 
like  noise  mode,  almost  identical  to  the  noise  generated  by 
amplitude  fluctuation  of  the  dibit.  As  the  effects  of  the  two 
physical  mechanisms  combine,  the  amplitude  noise  increases 
dramatically  for  a  reduced  bit  separation,  corresponding  to 
the  supralinear  noise  enhancement  in  a  high-frequency  data 
pattern.  The  comparison  of  nonlinear  amplitude  loss  and 
noise  measurement  shows  the  supralinear  increase  in  noise, 
and  the  amplitude  reduction  occurs  at  about  the  same  bit 
separation. 

1 R.  A.  Baugh,  E.  S.  Murdock,  and  B.  R.  Natantjan,  IEEE  Trans.  Magn.  19, 

1722  (1983). 

ZH.  N.  Bertram  and  X.  die,  IEEE  Trans.  Magn.  29.  201  (1993). 

JY.  S.  Tang,  IEEE  Trans.  Magn.  21,  1389  (1985). 

‘G.  H.  Lin  and  H.  N.  Bertram,  IEEE  Dans.  Magn.  29,  3697  (1993). 

3S.  Yuan  and  H.  N.  Bertram,  IEEE  Trans.  Magn.  28,  84  (1992). 

#M.  Melas,  P.  Amen,  and  J.  Moon.  IEEE  Trans.  Magn.  24,  2712  (1983). 
7L  NunneUy,  T.  Amoldussen,  M.  Burleson,  and  D.  Parker,  IEEE  Trans. 
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Magnetic  viscosity  in  high-density  recording 

Pu-Ung  Lu  and  Stanley  H.  Charap 

Data  Storage  Systems  Center,  Department  of  Electrical  and  Computer  Engineering,  Carnegie  Mellon 
University,  Pittsburgh,  Pennsylvania  15213 

For  future  ultrahigh-density  magnetic  recording,  the  magnetic  viscosity  in  thin-film  media  will 
become  an  issue  due  to  the  drastic  reduction  in  grain  size.  An  algorithm  combining  a  Monte  Carlo 
method  and  molecular  dynamics  was  employed  to  study  the  thermal  effects  in  thin-film  media.  The 
component  of  the  field  perpendicular  to  the  plane  defined  by  the  axes  of  shape  anisotropy  and 
uniaxial  crystalline  anisotropy  makes  it  necessary  to  use  the  three-dimensional  energy  surface  to 
find  the  minimum  energy  barrier.  This  barrier  is  used  to  sample  the  reversal  rate  and  the  elapsed 
time.  Hysteresis  loops  for  various  K,V/kT  ratios  and  sweep  times  are  simulated.  Isolated  tad  di-bit 
transitions  are  written,  taking  into  account  thermally  assisted  switching.  After  the  head  field  is 
turned  off,  the  subsequent  thermal  decay  is  computed  for  time  spans  as  long  as  6  months.  Significant 
aftereffect  is  found  for  grain  volumes  about  twice  that  for  ordinary  superparamagnetism. 


I.  INTRODUCTION 

With  the  assistance  of  thermal  energy,  the  magnetization 
of  a  particle  can  surmount  an  energy  barrier  and  switch  from 
one  stable  direction  to  another.  This  process  will  take  a  cer¬ 
tain  time  compared  with  the  quick  approach  of  the  particle 
magnetization  to  a  local  minimum  when  subjected  a  large 
external  field.  This  phenomenon  is  an  inherent  behavior  of 
ferromagnets  and  is  well  known  as  the  magnetic  aftereffect 
or  viscosity.'  The  ratio  of  the  energy  barrier  to  the  thermal 
energy  kT  (k  is  the  Boltzmann’s  constant,  T  is  the  absolute 
temperature)  determines  the  magnitude  of  the  aftereffect.  A 
comprehensive  treatment  of  thermal  fluctuations  was  given 
by  Brown.2  In  magnetic  recording,  the  media  must  be  ad¬ 
equately  resistant  to  thermal  fluctuations.  To  maintain  a  cer¬ 
tain  amount  of  written  signal  so  as  to  have  adequate  signal- 
to- noise  ratio  (SNR)  after  thermal  decay,  generally  requires  a 
KuV/kT  much  higher  than  the  commonly  known  superpara- 
magnetic  limit  of  about  25.3  Studies  of  the  magnetic  afteref¬ 
fect  have  been  widely  reported  for  particulate  recording 
media.3-6  In  their  work  on  granular  Fe-(Si02),  Kanai  and 
Charap6  first  implemented  an  algorithm  combining  a  molecu¬ 
lar  dynamics  method  and  a  Monte  Carlo  method  to  study  the 
aftereffect  and  transition  broadening  in  the  media.  This  algo¬ 
rithm  was  introduced  to  treat  an  ensemble  of  spherically 
shaped  uniaxial  particles  with  a  distribution  of  easy-axis  di¬ 
rections  and  with  particle  magnetizations  free  to  orient  in 
three  dimensions.  Good  agreement  with  vibrating  sample 
magnetometer  (VSM)  experimental  results  was  found.  While 
no  significant  thermal  effect  is  expected  for  current  thin-film 
media,  which  typically  have  K,V/kT  values  of  more  than 
1000,  it  will  be  an  important  issue  for  future  ultrahigh- 
density  magnetic  recording  media  due  to  the  dramatic  reduc¬ 
tion  in  grain  size  in  order  to  maintain  reasonable  jitter  per¬ 
formance.  In  this  investigation,  an  algorithm  was  introduced 
to  study  the  magnetic  viscosity  in  thin-film  media  under  con¬ 
ditions  of  ultrahigh-density  recording. 

H.  MODEL 

A  computer  simulation  model  has  been  developed  on 
DEC  3100  and  5000  workstations,  based  on  a  combined 
molecular-dynamics  model  and  the  Monte  Carlo  simulation 
of  aftereffect. 


The  molecular-dynamics  part  of  the  model  is  similar  to 
the  micromagnetic  model  of  Zhu  and  Bertram.7  In  the  model, 
the  film  is  considered  to  consist  of  a  planar  array  of  hexago- 
nally  shaped  grains.  The  gtains  are  hexagonal  close  packed 
and  every  grain  is  assumed  to  be  a  single-domain  particle 
with  a  nonmagnetic  boundary;  within  each  grain  only  coher¬ 
ent  rotation  is  assumed.  Crystalline  uniaxial  anisotropy,  mag¬ 
netostatic  interactions,  and  the  self-demagnetizing  field  of 
each  grain  are  included  in  the  calculation.  Intergranular  ex¬ 
change  interaction  across  the  boundaries  is  not  included  in 
this  study.  All  grains  have  the  same  anisotropy  energy  con¬ 
stant  and  saturation  magnetization  M, .  We  have  chosen 
arrays  of  grains  with  random  distribution  of  easy-axis  orien¬ 
tations,  confined  to  the  plane. 

The  Landau-Lifshitz  equation  with  Gilbert  damping  is 
employed  to  describe  the  time  development  of  the  magneti¬ 
zation  of  each  grain, 

=  (MxH)-y^j  t**X(MxH)].  (1) 

Here  M  is  the  unit  vector  in  the  direction  of  the  magnetiza¬ 
tion  of  the  grain,  y  is  the  gyromagnetic  ratio,  t  is  the  time 
normalized  to  the  period  (y and  a  is  the  damping 
constant,  which  is  chosen  to  be  1  for  numerical  convenience 
in  all  calculations.  Previous  studies7  have  found  that  the 
macroproperties  such  as  coercivity  and  remanence  are  insen¬ 
sitive  to  the  damping  constant.  Although  the  precession  time 
does  depend  on  its  value,  this  time  is  usually  of  the  order  of 
nanoseconds  which  is  very  short  compared  with  the  elapsed 
time  in  the  Monte  Carlo  simulations.  H  is  the  effective  field 
acting  on  the  grain,  normalized  to  Hk .  Hk  is  the  crystalline 
anisotropy  field,  Hk = 2KJM, ,  and  M,  is  the  saturation 
magnetization.  It  is  through  H  that  the  equations  for  the  in¬ 
dividual  grains  are  coupled.  The  integration  of  the  Landau- 
Lifshitz  equations  is  conducted  by  a  fourth-order  Rungc- 
Kutta  method. 

In  this  Monte  Carlo  method,8  the  energy  barriers  \E  for 
all  grains  are  calculated  first  The  probability  per  unit  time 
for  reversal  of  each  grain  can  be  obtained  by  utilizing  Neel’s 
formalism:  r(=l/r=/0  exp( - A£,/*T).  Here  r  is  the  time 
constant,  &£<  is  the  energy  barrier  for  the  ith  grain,  and  f0  is 
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*  frequency  constant  chosen  to  be  109  s"1  as  an 
approximation.2  The  reversal  rate  R  of  the  assembly  can  be 
found  by  summing  all  the  reversal  probabilities, 

N 

i-i 

According  to  the  probability  rJR,  one  of  the  magnetizations 
is  selected  to  reverse.  The  time  A r  needed  for  this  reversal  to 
happen  can  be  sampled  from  the  exponential  probability  den¬ 
sity  functio-  v  exp (~tR),  i.e.,  Al  =  -ln(£)/fl,  where  £  is  a 
random  t  uniformly  distributed  from  0  to  1. 

Th  ithm  uses,  as  the  time  increment,  the  average 
time  bct«VL,.i  successful  reversals  instead  of  the  constant 
amount  of  simulation  time  increment  in  the  conventional 
Monte  Carlo  method.  For  the  latter  method,  the  number  of 
time  increments  yielding  a  successful  reversal  may  be  but  a 
small  fraction  of  the  increments  tested.  For  this  method,  the 
time  increment  will  tend  to  increase  as  the  total  activity  de¬ 
creases,  reflecting  the  increased  time  between  successful 
magnetization  reversals.  This  method  eliminates  the  unsuc¬ 
cessful  switching  attempts  a  priori  and  makes  the  simulation 
practical  for  any  time  length  of  interest  although  it  starts 
slower  than  the  conventional  Monte  Carlo  method. 

Generally,  a  grain  has  two  forms  of  anisotropy.  One  is 
the  crystalline  uniaxial  anisotropy  and  the  other  is  the  shape 
anisotropy  which  is  also  uniaxial  if  an  ellipsoid  approxima¬ 
tion  of  the  grain  shape  is  assumed.  The  latter  one  can  vary 
from  zero  to  comparable,  or  even  larger  than  the  former,  and 
can  be  in  the  film  plane  or  out  of  the  plane,  both  depending 
on  the  ratio  of  grain  height  to  its  in-plane  dimension  and  Ms . 
The  combined  effects  of  these  two  anisotropies  defines  a 
plane;  for  magnetizations  confined  to  that  plane  the  aniso¬ 
tropy  is  effectively  uniaxial;  but,  thin-film  media  usually 
have  a  distribution  of  the  crystalline  easy-axis  orientations. 
The  magnetizations,  and  so  the  interaction  fields,  are  free  to 
orient  in  the  film  plane  or  space.  The  effective  field  on  each 
grain,  including  the  applied  field  and  the  interaction  field,  is 
usually  not  in  the  plane  defined  by  the  crystalline  easy  axis 
and  the  easy  axis  from  shape  anisotropy.  The  grains  are  no 
longer  uniaxial.  In  general,  a  three-dimensional  energy  sur¬ 
face  must  be  used  in  order  to  find  the  minimum  energy  bar¬ 
rier  which  is  the  difference  between  the  energy  at  a  saddle 
point  on  the  surface  and  the  eneigy  at  the  local  minimum.  A 
two-dimensional  secant  method  is  employed  to  search  for 
this  barrier. 

The  molecular  dynamics  and  Monte  Carlo  method  are 
used  alternately.  The  former  is  employed  first  to  find  the 
local  equilibrium  configuration  and  then,  by  the  Monte  Carlo 
method,  one  grain  magnetization  is  chosen  to  reverse  and  the 
elapsed  time  for  this  step  is  sampled.  The  total  elapsed  time 
equals  the  accumulated  A  t  for  ail  steps.  This  process  is  re¬ 
peated  till  the  desired  simulation  time  is  reached. 

III.  RESULTS  AND  DISCUSSIONS 

The  system  we  used  for  calculation  was  a  60X60X1 
army  of  hep  grains.  Easy  axes  were  randomly  distributed  in 
the  film  plane.  The  boundary  conditions  in  the  track  direction 
for  di-bit  transitions  and  across  a  track  were  set  to  be  peri¬ 


FKj.  t.  The  simulated  coercivity  H ,  (solid),  normalized  by  the  cocrcivity 
without  thermal  effect  Hc0,  against  logarithmic  time  scale  for  KuV/kT= 42, 
KMV/kT=83,  X', VikT- 1000  The  dashed  curves  are  calculated  from  £q. 
(2).  The  dotted  curves  are  a  linear  dependence  on  logtf). 


odic,  while  an  antiperiodic  boundary  condition  was  em¬ 
ployed  in  track  direction  for  isolated  transitions.  The  head 
field  used  to  write  transitions  was  a  Karlquist  field  produced 
by  a  bead  with  a  gap  length  g  =  120  nm  and  a  head  media 
separation  d=38.5  nm.  The  thermal  effect  during  the  writing 
process  was  included.  The  3D  energy  surface  was  used  to 
find  the  minimum  energy  barriers.  The  subsequent  thermal 
decay  was  observed  for  as  long  as  6  months.  The  tempera¬ 
ture  was  always  300  K. 

Figure  1  shows  coercivities  normalized  to  the  value  Hc0 
in  the  limit  of  zero  sweep  time  for  K^V/kT=lO00,  83,  42, 
corresponding  to  grains  with  both  diameters  D  and  film 
thicknesses  8 of  23, 10,  and  8  nm  and  sweep  times  of  10-7  s, 
0.1  s,  and  30  min,  corresponding  to  recording,  MH  loop,  and 
VSM  measurements.  Here  D  is  the  diameter  of  the  circle 
inscribed  within  the  hexagonal  grain.  For  all  cases,  was 
4X106  erg/cm3,  Ms8!HtD  =  0.1  (Ms/Ht= 0.1),  and  there 
was  no  exchange  interaction  between  grains.  The  step  size  of 
the  applied  field  was  chosen  as  that  in  a  VSM  measurement: 
a  small  one  of  about  90  Oe  in  the  vicinity  of  coercivity  and 
a  big  one  of  about  900  Oe  for  the  remaining  range.  At  zero 
sweep  time,  or  without  thermal  effect,  the  coercivities  for 
three  cases  are  all  equal  lo  a  same  value:  Hc0  =  0.435Ht . 
For  KuVlkT  =  1000,  no  significant  thermal  effect  on  coerciv¬ 
ity  is  observed.  However,  when  KuV/kT-83,  which  is  very 
near  the  value  of  the  likely  ratios  for  the  future  single  layer 
media,  the  coercivity  has  pronounced  time  dependence.  The 
Hc  obtained  from  the  simulated  VSM  measurement  is  about 
65%  of  that  without  thermal  effect.  For  KuV/kT=42,  the 
value  is  further  reduced  to  less  than  half  of  H^.  The  rema- 
nence  squareness  and  the  coercivity  squareness,  however, 
show  little  change  for  all  cases.  In  his  article,3  Sharrock  de¬ 
rived  the  following  time  dependence  formula  of  coercivity 
for  particulate  media  without  interactions  among  particles: 


HAD  \kT  I  f0l  \ 

H0  liCV  10.693/ 


1/2 


(2) 


This  formula  instead  of  the  linear  dependence  on  log(time) 
was  found  to  fit  experimental  data  well;  but,  our  simulation 
results  for  thin-film  media  fit  with  the  log(time)  curve  for 
t>  l//o  ■  Interactions  among  grains  and  lack  of  orientation 
may  contribute  to  the  difference. 

Figure  2  shows  the  thermal  effect  on  (a)  an  isolated  tran¬ 
sition  and  (b)  a  di-bit  transition  for  a  single-layer  film  with 
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FIG.  2  (a)  An  isolated  (nnSiCKm  and  (b)  a  di  bit  transition  in  a  single  liter 
Slut  (or  cases  without  tbennai  effect,  with  thermally  assisted  switches  dur¬ 
ing  writing,  and  after  1  s,  30  min.  and  6  month  decay.  Here  A.V'  i  J  -60  and 
magnetostatic  interaction  parameter  MI6!HtD  = 0.1  (Mt/Ht=0.l). 

D  =  S=9  ran,  and  M, SIHfi  =0.1.  These  dimensions  lead  to 
K,V/kT^ 60.  This  value  is  more  than  twice  that  for  ordinary 
superparamagnetism.  In  the  figure,  the  horizontal  axis  is  the 
position  represented  by  the  number  of  the  row  along  the 
track  direction  and  vertical  axis  is  the  magnetization  compo¬ 
nent  along  the  recording  track  direction  averaged  across  the 
track  and  normalized  by  M, .  A  writing  head  moves  from 
left-  to  right-hand  side.  Head  fields  are  reversed  at  row  40  for 
the  isolated  transition  and  at  rows  40  and  48  for  the  di-bit 
transition,  respectively.  There  are  usually  60  rows  in  our 
model,  and  the  magnetizations  from  rows  1  to  9  and  from  51 
to  60  are  not  shown  here.  The  bit  length,  i.e.,  the  distance 
between  two  transitions  in  the  di-bit  transition,  is  about  62 
nm  (8  rows).  The  positions  of  transition  centers  shift  about 
one  row,  corresponding  to  about  8  nm,  due  to  the  thermally 
assisted  switches  during  writing.  The  magnitude  of  the  mag¬ 
netization  away  from  a  transition  decreases  from  around 
0.74 M,  to  about  0.61M ,  after  6  months  of  decay.  The  de¬ 
cay  in  the  region  between  two  transitions  of  a  di-bit  becomes 


worse  when  they  become  closer  and  interact  with  each  other.  | 

The  magnetization  at  the  bit  center  is  reduced  from  about  I 

0.6 M,  without  thermal  aftereffect  to  0.54A/,  when  includ¬ 
ing  the  thermally  assisted  switches  during  writing.  It  further  { 

decays  to  about  0.38M,  after  6  months.  The  magnetostatic  ! 

interaction  from  the  magnetization  beyond  the  two  transi-  1 

tions  tends  to  reverse  the  recorded  magnetization  between 
them  with  the  help  of  thermal  energy.  Some  of  the  first  Iran-  *  I 

sition  is  erased  by  the  head  field  while  writing  the  second  ! 

one.  ! 

IV.  CONCLUSIONS 

A  combined  molecular-dynamics  and  Monte  Carlo  com¬ 
puter  simulation  method  has  been  developed  to  study  the 
thermal  effect  in  magnetic  thin-film  recording  media.  The 
crystalline  anisotropy,  shape  anisotropy,  applied  field,  and 
magnetostatic  interaction  field  are  included  in  the  model.  A 
three-dimensional  energy  surface  is  used  to  find  the  mini-  ' 

mum  energy  barrier  in  general.  The  writing  process  was 
simulated  with  thermally  assisted  switches  taken  into  consid¬ 
eration  and  subsequent  thermal  decay  was  observed  for  long 
time  spans.  Significant  aftereffect  was  found  both  in  hyster¬ 
esis  loop  simulations  and  transition  decays  for  grain  volumes 
more  than  twice  that  for  ordinary  superparamagnetism. 
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The  objective  of  this  study  was  to  identify  any  differences  in  the  friction  and  wear  characteristics  of 
particulate  tapes  produced  with  various  magnetic  particles  and  metal -evaporated  (ME)  tapes. 
Accelerated  friction  and  wear  experiments  were  conducted  with  a  tape  reciprocated  in  a  sboeshinc 
mode  over  an  aluminum  drum.  We  have  found  that  barium  ferrite  and  Co-yfe^  tapes  exhibit  the 
least  damage  to  themselves  and  the  mating  drum.  The  ME  tape  exhibited  the  least  durability  among 
all  tapes.  The  effect  of  tape  roughness  on  friction  was  found  to  be  dependent  on  the  hardness  of  the 
mating  material.  Friction  increased  with  an  increase  in  the  roughness  during  the  tests  with  a  soft 
aluminum  drum  due  to  severe  plowing  of  the  aluminum.  However,  friction  decreased  with  an 
increase  in  the  roughness  with  a  hard  ferrite  surface  which  is  consistent  with  the  asperity  contacts 
being  elastic  in  nature  (with  no  appreciable  plowing  contribution  to  the  friction). 


I.  INTRODUCTION 

Particulate  tapes  with  >Fe203,  Co-yFe2Oj,  and  Cr02 
magnetic  particles  are  most  commonly  used  for  audio,  video, 
and  data  processing  applications.  In  order  to  achieve  ever 
increasing  higher  recording  densities,  metal  particle  (MP) 
and  metal-evaporated  (ME)  tapes  with  high  smoothness  have 
been  introduced.  Particulate  tapes  with  barium  ferrite  (BaFe) 
particles  may  be  introduced  in  the  future  for  uitrahigh- 
density  applications.  Most  of  the  research  to  date  related  to 
the  tribology  of  the  head-tape  interface  has  been  conducted 
on  tapes  with  yFe203  and  Cr02  particles  in  contact  with 
ceramic  beads,  and  little  understanding  exists  on  the  other 
tapes.  Barium  ferrite  particles  are  smaller  in  size  than  other 
magnetic  particles  which  may  affect  the  friction  and  wear  of 
the  interface.  High  surface  energy,  high  ductility,  and  high 
reactivity  of  the  metal  particles  and  the  ME  films  compared 
to  oxide  particles  are  expected  to  affect  the  tribological  per¬ 
formance  of  the  metal  tapes.  ME  tapes  are  expected  to  differ 
in  tribological  performance  when  compared  to  the  particulate 
tapes. 

The  objective  of  this  study  was  to  identify  any  differ¬ 
ences  in  the  friction  and  wear  characteristics  of  the  various 
tapes  (Table  I)  when  they  were  mated  with  an  aluminum 
drum  used  in  video  cassette  recorders  (VCR),  camcorders, 
and  instrumentation  and  data  recorders.  An  A1  drum  (with 
trace  amounts  of  Si  and  Cu  and  a  microhardness  of  —160 
kg/mm2 )  was  chosen  as  the  mating  surface  for  the  following 
reasons:  in  rotary  head  recorders  there  is  continuous  contact 
of  the  magnetic  layer  with  a  stationary  lower  Al  drum,  con- 


TABLE  I.  Summary  of  friction  and  wear  data  using  various  magnetic  tapes 
against  so  aluminum  drum  (24.6  nm  rms)  for  7  k  passes. 


T*pe 

Mag.  partTHCA/nw  (am) 

iV/Va— 

Drum 

damage 

Tape 

(twiuy 

Crttynooe/21,9 

0.33/0.28/0.34 

Large 

Large 

Co-WtyAl&jfrSS 

0.30/030/0.46 

Small 

Small 

MF/AljOj,  G2O3/5.7 

0.&0.16/0.23 

Medium 

Medium 

Bafe/AlAA-5 

0.24/0.21/025 

Small 

Small 

ME  (Co-NiV93 

0.20/038V038 

Small 

Medium 

“ME  tape  failed  after  4  k  panes. 


tact  can  also  occur  with  the  high  speed  routing  upper  drum, 
and  finally  little  is  known  about  the  tribology  of  magnetic 
tapes  in  contact  with  materials  other  than  those  commonly 
used  for  magnetic  heads.  The  effect  of  tape  roughness  (for 
identical  composition  tapes)  was  also  investigated  for  the 
cases  of  mating  the  tapes  against  both  a  soft  Al  drum  and  a 
hard  Ni-Zn  ferrite  head  (microhardness  -700  kg/mm2). 

N.  EXPERIMENTAL  PROCEDURE 

The  experiments  were  performed  using  a  portable  recip¬ 
rocating  friction  test  apparatus.1  In  this  apparatus  a  tape  re¬ 
ciprocates  in  a  shoeshine  mode  using  a  motorized  linear 
stage  over  a  cylindrical  mating  surface  of  interest.  One  end 
of  the  upe  is  secured  to  a  dead  weight,  and  the  other  end  is 
attached  to  a  load  cell.  The  coefficient  of  friction  is  then 
calculated  using  the  belt  equation.1  Tests  were  conducted  at 
the  following  conditions:  wrap  angle =0.52  rad  (30°),  Upe 
length  =150  mm,  average  tape  speed =60  mm/s,  and  a  con¬ 
tact  pressure  of  about  0.5  kPa.  The  tests  were  performed  in  a 
class  10000  laboratory  at  a  temperature  of  22il  °C  and 
50±5%  RH.  Each  wear  test  was  stopped  when  cither  the 
number  of  tape  passes  (one  Upe  pass  is  Upe  motion  over 
drum  in  either  direction)  was  7000  (test  duration  —6  h)  or 
the  coefficient  of  friction  attained  a  value  of  twice  its  initial 
value.  The  tapes  and  the  Al  samples  were  subjected  to  mate¬ 
rials  analyses. 

1H.  RESULTS  AND  DISCUSSION 

A.  Friction  and  wear  of  magnetic  tnpaa  mated  wftri  an 
Al  surface 

Table  I  gives  a  summary  of  the  results  of  our  experimen¬ 
tal  observations  along  with  Upe  compositions,  surface 
roughnesses,  and  the  initial,  maximum,  and  final  coefficients 
of  friction.  We  also  describe  the  extent  of  drum  and  upe 
damage  in  a  relative  manner.  We  find  that  uniaxial  scratching 
(via  an  abrasive  mechanism)  and  rolling  particle  impact  wear 
(rolling  particles  are  large  Al  asperities  sheared  by  the  test 
tapes)  are  tbe  primary  wear  mechanisms  for  the  drum.  For 
each  mating  tape  toed  in  these  experiments  we  find  that  ma¬ 
terial  from  the  magnetic  layer  is  transferred  to  the  drum  sur- 
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HH  FIG.  2.  Optical  micrographs  of  worn  tape  surfaces  used  in  wear  tests  with  a 

10  pm  mating  surface  of  Ai. 


FIG.  1.  Optical  micrographs  of  a  virgin  and  worn  AI  drum  surfaces  used  in 
wear  tests  against  various  tapes 


face.  This  material  is  either  loosely  adhered  binder  uniaxiaUy 
transferred  to  the  drum  (particulate  tapes)  or  strongly  ad¬ 
hered  tape  coating  material  that  is  locally  transferred  to  the 
drum  (particulate  and  thin  film  tapes).  Figure  1  presents  op¬ 
tical  micrographs  of  the  worn  drum  surfaces  and  the  virgin 
drum  surface  is  given  for  comparison.  The  drum  surface 
mated  with  the  Cr02  shows  evidence  of  excessive  uniaxial 
scratching,  clearly  the  Ci02  tape  has  severely  damaged  the 
drum  surface.1  In  the  case  of  Co-yFejO},  the  drum  scratch¬ 
ing  is  relatively  mild  when  compared  to  the  Cr02.  The  MP 
tape  is  observed  to  scratch  the  drum  more  than  the 
Co-  yf'e-O,  tape  but  slightly  less  than  the  Cr02  tape,  this 
severity  of  damage  is  somewhat  surprising  and  unexpected 
since  the  metal  particles  have  lower  hardness  and  higher  duc¬ 
tility  than  the  oxide  magnetic  particles.  This  observation  can 
be  explained  however  when  one  considers  that  abrasive  head 
cleaning  agents  normally  added  in  the  tape  construction 
could  contribute  excessively  to  the  drum  damage  in  the  case 
of  MP  tape  and  that  the  metal  particles  are  oxidized  prior  to 
tape  loading  for  corrosion  resistance.  The  BaFe  tape  is  found 
to  scratch  the  drum  only  mildly  (comparable  in  severity  to 
Co-yf^Oj)  and  the  scratches  appear  to  be  inflicted  by  very 
small  sharp  particles,  this  is  consistent  with  the  fact  that 
BaFe  particles  are  the  smallest  magnetic  particles  used  in 
these  experiments.1  The  ME  tape  inflicts  no  abrasive  scratch¬ 
ing  to  the  drum  surface,  however  we  do  see  evidence  of 
impact  wear  due  to  rolling  AI  particles  in  the  interface  and 
unique  to  the  ME  tape  the  presence  of  adhesive-type  wear 
scars  are  seen  on  the  drum  surface. 
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The  tape  damage  is  found  to  be  proportional  (except  in 
the  case  of  ME  tape)  to  the  drum  damage  in  each  experiment. 
This  suggests  that  AI  debris  plays  an  important  role  in  the 
tape  wearing  process.  Several  wear  mechanisms  for  the  tape 
surfaces  have  been  identified.  We  find  that  pull  out  (via  a 
pull-out  mechanism  triggered  by  embedded  AI  debris),  roll¬ 
ing  particle  impact  wear  (as  described  earlier),  and  three- 
body  abrasion  (the  third-body  particle  being  AI)  are  the  pri¬ 
mary  wear  mechanisms.  Figure  2  presents  optical 
micrographs  of  the  worn  tape  surfaces.  The  0tO2  tape  is 
severely  damaged  by  pull  out  and  the  wont  area  is  found  to 
have  a  large  concentration  of  AI  debris.  In  the  case  of 
Co-  yFe203  tape,  pull  out  is  also  the  primary  wear  mecha¬ 
nism  but  the  severity  of  the  wear  is  much  less  than  the  case 
of  the  Ct02  tape.  The  MP  tape  is  found  to  have  pull  out  wear 
(in  a  teardrop-shaped  AJ-rich  region)  as  well  as  three-body 
abrasive  wear  scars  (note  AI  debris  in  the  wear  tracks).  The 
BaFe  tape  is  found  to  be  only  mildly  damaged  and  the  type 
of  damage  is  rollover  particle  impact  wear  and  the  formation 
of  teardrop-shaped  flat  regions  on  the  tape  surface  (due  to  a 
sandpaper-type  abrasion  of  very  fine  AI  particles).  The  wear 
mechanisms  for  the  ME  tape  are  adhesive  wear  and  rollover 
particle  impact  wear.  The  adhesive  wear  of  the  ME  tape  is 
consistent  with  the  observations  of  drum  wear.  We  found  that 
the  ME  tape  is  particularly  susceptible  to  impact  wear,  this 
may  be  a  result  of  the  fact  that  ME  tape  does  not  easily 
embed  large  AI  asperities  that  are  sheared  from  the  drum 
surface. 

The  coefficient  of  friction  for  each  tape  as  measured  dur¬ 
ing  the  wear  test  is  given  in  Fig.  3.  The  trends  in  the  fric¬ 
tional  behavior  of  the  tapes  can  be  explained  assuming  an 
elastic  contact  between  the  tapes  and  drum.1  In  an  elastic 
contact  regime,  the  surface  roughness  of  each  mating  surface 

B.  Bhutan  and  S.  T.  Patton 
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plays  an  important  role  in  determining  the  coefficient  of 
friction.1  The  Cr02  and  the  MP  tapes  both  inflict  severe  dam¬ 
age  to  the  drum  surface  which  increases  the  surface  rough¬ 
ness;  thus  we  expect  the  coefficient  of  friction  to  decrease. 
This  is  exactly  what  we  see  for  these  two  tapes  (Fig.  3).  This 
also  confirms  that  in  this  particular  case  the  roughness  of  the 
tapes  plays  no  significant  role  in  the  trend  in  the  coefficient 
of  friction  (CrOj  being  rough  and  MP  being  smooth.  Table 
I).  Also  notice  that  this  effect  seems  to  saturate  after  about 
2000  passes,  this  suggests  that  the  roughness  of  the  drum 
becomes  saturated  at  this  stage  of  file  wear  test.  The 
Co-yFejOj  and  BaFe  tapes  inflict  only  mild  damage  to  the 
drum  surface,  mis  suggests  that  the  effect  of  tape  roughness 
may  play  a  significant  role  in  determining  the  trends  in  the 
coefficient  of  friction  for  these  two  tapes.  The  Co-  yFe2Oj 
tape  has  higher  roughness  than  the  BaFe  tape  (Table  1)  and 
we  expect  the  Co-yfe203  tape  to  first  be  smoothened  by  the 
dram  surface  to  saturation  and  will  only  then  begin  to 
roughen  as  it  is  damaged  in  the  wear  process.  Hence  for 
Co-yFe^Oj  tape,  we  expect  the  coefficient  of  friction  to  in¬ 
crease  to  saturation  and  then  decrease  until  the  tape  rough¬ 
ness  saturates  at  a  high  value.  This  is  exactly  what  we  see  for 
the  Co-yFejOj  tape  (Fig.  3).  The  BaFe  tape  (being  smooth) 
should  only  be  roughened  by  the  wear  process  and  hence  we 
expect  its  coefficient  of  friction  to  only  decrease  during  the 
wear  test.  This  is  exactly  what  we  see  (Fig.  3)  for  the  BaFe 
tape.  Notice  that  the  coefficient  of  friction  saturates  at  a 
minimum  after  about  1000  passes.  The  ME  tape  clearly  gave 
the  worst  frictional  performance  of  all  the  tapes.  Its  coeffi¬ 
cient  of  friction  increased  with  a  nearly  linear  dependence  on 


FIG  4.  FMctioaplotof3.7aad  116  am  ruu  MP  tepee  with  ■  mating  surface 
of  (a)  A1  dram  ami  (b)  Nt-Za  ferrite  head. 
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the  number  of  passes  (Fig.  3).  This  could  be  a  result  of  topi¬ 
cal  lubricant  starvation  and/or  degradation  which  leads  to 
excessive  metal  on  metal  contact  and  consequently  a  high 
adhesive  contribution  to  the  frictional  force. 

B.  Tho  affact  of  surface  roughnaaa  on  friction  and 
wear  of  magnetic  tapae  mated  wMt  a  aoft  Al 
drum  and  a  hard  Ni-Zn  farrtta  heard 

Figure  4  shows  the  coefficients  of  friction  for  a  smooth 
(3.7  nm  rms)  and  an  uncalendered  rough  (11.6  run  rms)  MP 
tape  that  were  reciprocated  against  both  a  soft  A1  dram  and  a 
hard  Ni-Zn  ferrite  head.  We  found  that  in  the  case  of  an  Al 
mating  surface  that  the  rough  tape  gives  a  higher  coefficient 
of  friction  throughout  the  test  [Fig.  4(a)],  this  result  was  at¬ 
tributed  to  excessive  plowing  of  the  Al  by  file  rough  tape. 
This  was  proven  by  passing  both  the  smooth  and  rough  tape 
over  the  drum  only  one  time.  We  then  observed  the  drum  for 
both  cases  looking  for  signs  of  excessive  plowing  in  the  case 
of  the  rough  tape  compared  to  the  smooth  tape  case.  Figure  S 
shows  the  evidence  of  plowing  of  the  dram  and  severe  dam¬ 
age  by  three-body  abrasion  to  the  rough  tape.  We  also  found 
that  in  the  case  of  a  Ni-Zn  ferrite  mating  surface  that  the 
rougher  tape  gives  a  lower  coefficient  of  friction  than  the 
smooth  tape  [Fig.  4(b)].  This  is  completely  consistent  with 
the  expected  result  if  the  contact  between  the  tapes  and  bead 
is  elastic  with  no  appreciable  plowing  occurring  at  the 
interface.1  Analogous  experiments  were  performed  using 
both  rough  (32.4  nm  rms)  and  smooth  (16.6  nm  rms)  Cr02 
tapes  and  the  same  trends  were  obtained  in  these  experi¬ 
ments. 

IV.  CONCLUSIONS 

Among  the  four  particulate  tapes  studied  here, 
Co-yFejOj  and  BaFe  tapes  inflicted  the  least  damage  to  the 
mating  surface  and  to  itself  with  the  BaFe  exhibiting  a  low 
and  stable  coefficient  of  friction.  The  ME  tape  succumbed  to 
a  severe  adhesive  wear  mechanism  and  the  coefficient  of 
friction  attained  a  value  of  twice  its  initial  value  in  only  4000 
passes.  The  effect  of  tape  roughness  (for  tapes  with  identical 
composition)  was  found  to  be  dependent  on  the  hardness  of 
the  mating  material. 

1 B.  Bhtnhwn,  Tribology  and  Mechanics  of  Magnetic  Stonge  Devices 
(Springer,  New  York,  1990). 
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Analysis  of  writs  and  road  spacing  loss  for  perpendicular  recording 
(abstract) 

YofcNro  Tanaka,  Tomofco  Komai,  and  Takas hi  Hikoaaka 

Co—— ten Ham  and  Information  Systems  Research  Laboratories,  Toshiba  RAD  Center,  Kaaaakai, 

Kawasaki  210,  lapaa 

Spacing  loss  phenomena  for  perpendicular  recording  have  been  experimentally  investigated  but  are 
yet  analytically  unclear.  This  paper  provides  an  analytical  model  of  the  write  and  read  processes  for 
perpendicular  recording  to  study  spacing  loss.  In  the  write  process,  the  magnetic  transition  length  is 
determined  mainly  by  the  bead  field  gradient  and  demagnetizing  field  gradient  at  transition 
assuming  perfectly  square  M-H  loops  of  the  perpendicular  media.1  An  arctangent  transition  is  a 
reasonable  approximation  just  in  the  process  of  creating  transitions  under  a  single-pole-type  write 
bead  field.  Decreased  magnetization,  however,  between  transitions  due  to  a  strong  demagnetizing 
field  has  to  be  involved  to  simulate  the  write  process  more  accurately.  A  double  arctangent  transition 
model  is  newly  proposed  to  represent  both  a  sharp  transition  and  magnetization  decay  away  from 
transition  which  is  supposed  to  change  the  transition  length  after  writing.  Magnetization  decay  is 
characterized  by  a  maximum  demagnetization  limit  (Hd<Hc)  near  the  transition.  Write  spacing  loss 
(=KW  d/\  [dB])  is  derived  from  the  derivative  of  double  arctangent  transition  length  in  terms  of 
spacing.  Read  spacing  loss  (=Kr  dfh  [dB])  is  characterized  by  both  expf-2u< il\)  and  the 
he  ad-to- media  magnetic  interaction  parameter  17  as  a  function  of  spacing.2  Experimental  proof  is 
shown  with  double-layer  perpendicular  media  and  single-pole-type  flying  heads.  Write  and  read 
spacing  is  independently  controlled  by  the  air  pressure  of  the  vacuum  chamber  enclosing  the 
spinstand.  It  has  been  found  that  the  write  spacing  loss  factor  Kw  depends  on  the  bead  field 
distribution  and  wavelength.  Measured  Ku  values  showed  a  maximum  value  of  - 110  [dB]  at  short 
wavelength  where  magnetization  decay  is  considered  to  give  little  effect.  Kw  decreased  with 
wavelength  as  the  calculated  loss  factor  behaved.  The  wavelength  dependence  of  the  read  spacing 
loss  factor  K,  has  been  found  to  quantify  the  strength  of  the  bead-to- media  magnetic  interaction. 


1 D.  1.  Bromley,  IEEE  Hans.  Magn.  19.  2239  (1983). 

2 Y.  Nakamura  el  at,  IEEE  1>am.  Magn  22,  376  (1986) 
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Experimental  Preleach  analysis  of  the  WohKarth  relation  (abstract) 

Farenc  Vajda  and  Edward  Data  Tom 

iHsHaae  for  Magnetics  Research,  George  Washington  University,  Washington,  DC  20052 

Hie  Wohifarth  relation1  states  that,  for  noninteractiag  panicles,  the  ascending  normalized  remanent 
major  loop,  mD(H),  is  twice  the  shifted  normalized  virgin  remanent  magnetization.  Researchers2 
claim  to  measure  the  interaction  field  and  characterize  it  as  “positive”  and  “negative”  depending  on 
whether  it  is  “above”  or  “below”  the  axis  on  a  Henkel  plot  or  a  AM  plot.  It  has  been  shown3  that 
the  moving  Preisach  model  can  compute  all  observed  types  of  A M  plots  by  varying  only  the  moving 
parameter,  a,  and  over  only  positive  values.  This  type  of  behavior  is  characterized  by  the  ratio  of  a 
to  the  standard  deviation  of  the  interaction  field,  in  this  paper  the  measured  AM  plot  for  two 
commercial  recording  media,  namely  longitudinal  BaFe  and  y-Fe203,  is  presented  and  the  positive 
moving  parameter  of  each  sample  is  identified.  Let  us  define  the  operative  field  of  the  system  by 
H^=H+ aM,  where  M  is  the  total  magnetization.  It  is  then  shown  that,  when  plotted  as  a  function 
of  Nap  all  samples  deviate  from  the  Wohifarth  relation  in  the  same  way,  even  though  they  exhibit 
“positive”  ami  “negative”  AM  when  plotted  as  a  function  of  the  applied  field,  H,  as  seen  in  Fig. 

1.  It  will  also  be  shown  that  deviations  from  the  Wohifarth  relation  are  due  to  a  combination  of 
parameters,  not  only  the  interaction  field.  The  model  and  the  identification  algorithm  has  been  used 
to  simulate  all  the  observed  AM  plots. 


1 E.  P.  Wohifarth,  1.  Appt.  Phys.  29,  595  (1958). 

!P  E.  Kelly  el  al,  IEEE  Ttans.  Magn.  25.  3888  (1989);  P.  R  Biaacl  and  A. 
Ly be  rates,  J.  Magn  Magn.  Mater.  45,  27  (1991). 

'F.  Vtjd«  and  E.  Della  Tone  (unpublished). 


FIG.  1.  AW  plot  (solid  line)  and  operative  A W  plot  (dashed  line)  of  the 
BaFe  sample. 
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Magnetic  fine  structure  of  domain  walla  In  Iron  films  observed 
with  a  magnetic  force  microscope 

Roger  Protect!,*1  Sheryl  Foes,  and  E.  Dan  Dahlberg 

School  of  Physics  and  Astronomy,  University  of  Minnesota,  Minneapolis,  Minnesota  55455 

Gary  Prtnz 

Naval  Research  Laboratory,  Washington,  D.C.  20375 

The  submicron  magnetic  structure  of  domain  walls  in  a  single-crystal  iron  film  has  been  studied 
using  a  magnetic  force  microscope  (MFM).  The  MFM  tip  was  sensitized  to  the  component  of  the 
field  perpendicular  to  the  film  plane.  The  sample  examined  was  a  500-nm-thick  single-crystal  film 
of  iron,  grown  by  molecular-beam  epitaxy  (MBE).  Before  it  was  imaged,  the  film  was  magnetized 
along  its  (in-plane)  easy  axis  in  a  2000-0e  field.  Studies  of  the  domain  structure  at  numerous 
locations  on  the  film  surface  revealed  a  rich  variety  of  micromagnetic  phenomena.  Parallel  domain 
walls,  determined  to  be  Bloch  walls  with  a  width  of  70-100  nm,  were  seen  along  the  easy  axis, 
spaced  roughly  30  pm  apart.  These  appeared  to  be  Bloch  walls.  Bloch  lines  were  also  observed  in 
the  walls  with  an  average  periodicity  of  1.3  pm.  This  is  a  value  smaller  than  that  predicted  for  Bloch 
wall-line  structures.  In  addition,  a  pronounced  zig-zag  structure  was  observed,  as  expected  from 
previous  Fe  whisker  observations. 


The  sample  examined  in  this  work  was  an  epitaxially 
grown  single  crystal  of  iron,  grown  in  the  (110)  plane.1  It  is 
a  bcc,  ar-Fe  crystal  with  unit  cell  a  =2.866  A,  grown  on  a  fee 

(110)  GaAs  substrate.  The  single -crystal  nature  of  the  film 
has  been  verified  by  x-ray  analysis  and  magnetic  measure¬ 
ments.  In  the  images  presented  here,  the  vertical  axis  corre¬ 
sponds  to  the  [001]  axis  of  the  film.  The  hard  axes  are  the 

[111]  body  diagonals,  55°  away  from  the  [001],  and  the  in¬ 
termediate  [110]  axis  is  oriented  90°  from  the  [100]. 

Representative  high-resolution  images  of  the  (110)  sur¬ 
face  of  a  0.5-iun-thick,  epitaxially  grown  iron  film  are 
shown  in  Figs.  1  and  2.  The  images  were  acquired  using  a 
Nanoscope  III  scanning  probe  microscope  from  Digital  In¬ 
struments.  The  microscope  was  operated  in  the  tapping/lift 
mode.  This  technique  allows  the  separation  of  the  topogra¬ 
phy  from  the  long-range,  magnetic  forces.  A  good  example 
of  this  is  shown  in  Fig.  1  where  the  magnetic  signal  from  a 
domain  wall  is  shown  on  the  left  and  the  associated  surface 
topography  is  shown  on  the  right.  For  this  work,  the  noncon¬ 
tact  scan  height  was  maintained  at  50  nm. 

The  MFM  probes  used  in  this  study  were  microfabri- 
cated  Si  cantilevers  coated  with  30  nm  of  a  CoCr  alloy.  This 
coating  was  optimized  for  best  response  and  resolution  of  the 
MFM.  When  imaging  with  an  MFM,  one  concern  is  that 
stray  fields  from  the  magnetic  tip  can  modify  the  micromag¬ 
netic  structure  of  the  sample.2  An  experimental  test  for  this 
can  be  made  by  observing  the  dependence  of  the  micromag¬ 
netic  structure  on  the  MFM  tip  scan  height.3  For  the  iron 
samples  studied  in  this  work,  there  was  no  variation  of  the 
sample  micromagnetic  structure  when  the  tip  scan  height 
was  varied  between  20  and  250  nm.  Accordingly,  for  the 
remainder  of  this  work,  we  will  assume  that  modification  of 
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the  micromagnetic  sample  structure  by  the  tip  is  negligible. 

The  importance  of  being  able  to  separate  topography  and 
magnetism  is  especially  apparent  when  examining  the  15- 
irm-square  scan  above  part  of  the  iron  film  shown  in  Fig.  1 . 
In  this  figure,  the  vertical  axis  corresponds  to  the  [001]  mag¬ 
netic  easy  axis  of  the  film,  and  the  horizontal  axis  to  the 
[110]  intermediate  axis.  The  [111]  hard  axis  is  oriented  55° 
away  from  the  vertical  [001]  axis. 

Because  the  MFM  is  sensitive  to  the  stray  field  gradients 
and  not  the  magnetization  itself,  it  is  not  possible  to  deter¬ 
mine  the  magnetization  in  regions  where  it  is  constant  (e.g., 
in  the  middle  of  a  domain).  In  the  case  of  this  sample,  how¬ 
ever,  we  are  “fortunate”  enough  to  have  a  number  of 
scratches  in  the  film  surface.  Where  the  magnetization  inter¬ 
sects  these  imperfections,  magnetostatic  charge  builds  up, 
resulting  in  stray  magnetic  fields  that  can  be  detected  with 
the  MFM.  By  observing  the  polarity  of  the  stray  fields  from 
a  scratch,  it  is  possible  to  get  an  idea  of  the  projection  of  the 
magnetization  onto  the  line  of  the  scratch.  Thus,  the  presence 
of  normally  unwanted  flaws  in  the  sample  allow  statements 
about  the  magnetization  that  would  otherwise  be  impossible 
to  make. 

Using  this,  we  can  return  to  Fig.  1  and  immediately  ob¬ 
serve  several  “scratch  signatures”  in  the  magnetic  image. 
These  can  be  used  to  verify  the  presence  of  a  domain  wall 
and  assign  directions  to  the  magnetization  of  the  two  identi¬ 
fiable  domains  in  the  image.  Specifically,  there  is  a  deep 
scratch  running  horizontally  along  the  upper  quarter  of  the 
topographical  image  of  Fig.  1.  An  examination  of  the  corre¬ 
sponding  section  of  the  magnetic  image  shows  stray  fields 
above  the  scratch.  On  the  left  of  the  bright  vertical  line  in  the 
magnetic  image,  the  contrast  is  bright  (attractive  interaction) 
on  the  top  and  dark  (repulsive  interaction)  on  the  bottom. 
When  the  scratch  crosses  the  vertical  line,  this  flips  to  dark 
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FIG.  1.  A  15-#im-square  seas  of  a  donum  wail.  The  left  image  is  the 
magnetic  signal  and  the  right  is  the  associated  topographical  image.  In  the 
magnetic  image,  the  direction  of  the  magnetization  is  dearly  visible  from 
|  the  stray  fields  above  the  scratches  running  horizontally  through  the  image. 

On  the  left-hand  side  of  the  domain  wall,  the  stray  fields  above  the  scratches 
1  are  attractive  (bright)  on  the  top  and  repulsive  (dark)  on  the  bottom.  The 

(situation  is  reversed  on  the  right-hand  side  of  the  domain  wall.  Also  dearly 
visible  is  a  wide,  bright  envelope  superimposed  on  the  narrow  Bloch  line 
i  structure.  The  scale  bar  is  for  the  topographical  image  on  the  right. 


I  on  the  top  and  bright  on  the  bottom.  Thus,  we  can  infer  that 

i  the  [100]  component  of  the  magnetization  flips  across  the 

'  vertical  line,  i.e.,  the  vertical  line  is  a  domain  wall.  This 

effect  is  visible  to  a  lesser  extent  in  a  horizontal  scratch  near 
the  bottom  of  the  figure. 

The  Bloch  wall  seen  in  Fig.  1  contains  many  remarkable 
features.  Figure  2  is  a  2.5-/un-square  high-resolution  image 
of  a  section  of  the  domain  wall  in  Fig.  1.  Also  shown  in  Fig. 
2  are  Otree  traces  which  are  averaged  wall  profiles  for  the 
two  dark  and  middle  bright  wall  segments  shown  in  the  mag¬ 
netic  image.  There  are  a  number  of  observations  that  can  be 
made  of  both  of  these  figures.  These  include: 

(i)  Alternating  dark  and  bright  segments  indicative  of 

'  Bloch  lines  in  the  domain  wall.  Alternating  wall  segments 

are  visible  in  all  the  images. 

(ii)  Zig-zag  structure,  where  the  joints  of  the  zig-zag 
are  the  points  where  the  dark  and  bright  segments  connect. 
This  zig-zag  effect  is  visible  in  every  image. 

A  qualitative  explanation  of  features  (i)  and  (ii)  follows 
from  simple  magnetostatic  energy  considerations  and  was 
provided  by  Shtrikman  and  Treves.4  When  a  Bloch  wall  en¬ 
counters  a  surface,  there  is  a  buildup  of  magnetostatic  charge 
on  the  surface.  By  alternating  the  sense  of  the  wall  rotation, 
the  sign  of  the  charge  on  the  surface  also  alternates,  reducing 
the  magnetostatic  energy.  The  loss  of  magnetostatic  energy  is 
offset  by  a  gain  in  wall  energy  associated  with  the  transition 
regions  between  the  wail  segments  with  opposite  rotation 
senses.  Through  a  simple  energy  approximation  method,  Sh¬ 
trikman  and  Treves  predicted  the  relationship  between  the 
period  of  the  segmented  wall  T  and  the  thickness  of  the  film 
L  to  be  TIL~0.38  for  iron.  For  the  sample  studied  here  we 
observed  an  average  of  771  =  1.1,  significantly  larger  than 
^  the  predicted.  Shtrikman  and  Treves  also  explained  that  the 

magnetostatic  energy  could  be  further  reduced  if  the  Bloch 
wall  becomes  canted  along  the  line  of  the  wall,  resulting  in  a 
surface  zig-zag  structure. 

(iii)  The  sharp,  Bloch  wall-like  section  of  the  wall  is 
always  70-100  nm  wide. 
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FIG.  2.  The  gray  scale  image  on  the  left  is  a  2.5-jun  zoom  onto  a  section  of 
the  domain  wall  of  Fig.  1.  The  three  traces  on  the  right-hand  side  of  the 
figure  are  average  wall  profiles  obtained  by  averaging  roughly  SO  line  scans 
made  across  each  of  the  two  dark  and  center  bright  wall  segments  in  tty- 
gray  scale  image. 


(iv)  Diffuse,  overall  bright  (or  dark)  signal  superimposed 
on  the  wall  that  is  ai  least  three  to  four  times  as  wide  as  the 
alternating  segments  of  the  wall.  This  sort  of  structure  it 
visible  in  all  the  images. 

These  observations  [(iii)  and  (iv)]  can  be  compared  to  a 
number  of  predictive  calculations.  First,  both  Hubert5  and 
Scheinfein  et  a/.6  have  predicted  a  Neel-type  structure  near 
the  surface  which  caps  the  bulk  Bloch  wall.  The  film  mod¬ 
eled  in  Scheinfein  and  co-workers  was  a  0.5-ftm-t hick  single 
crystal  of  iron.  Their  work  makes  testable  predictions  and 
leads  to  a  qualitative  understanding  of  at  least  some  of  the 
features  observed  here.  Their  calculations  predict  that  within 
the  bulk  of  the  sample,  the  transition  takes  the  form  of  a 
Bloch  wall.  The  width  of  the  calculated  wall  in  the  bulk  was 
within  5%  of  the  classical  uniaxial  result  of  6=k(AIK)'!2. 
For  a  magnetic  crystal  with  uniaxial  anisotropy,  K=ir,  and 
the  calculation  gives  <5=70  nm.  At  the  surface,  the  Bloch 
walls  curl  in  response  to  demagnetizing  fields  to  form  Neel 
walls.  In  this  calculation  the  Neel  “cap"  of  the  wall  is  at 
least  300-nm  wide,  more  than  three  times  the  bulk  Bloch 
wall  value.  According  to  Lilley,7  cubic  anisotropy  has  the 
effect  of  changing  the  prefactor  k.  Following  Lilley,  for  a 
domain  wall  where  the  direction  of  the  normal  to  the  bound¬ 
ary  is  along  the  [110]  axis,  the  prefactor  becomes  <c=5.6. 
Thus,  by  including  the  cubic  nature  of  the  anisotropy,  the 
domain  wall  width  is  predicted  to  be  <5=125  nm.  This  is  a 
value  roughly  25-50  nm  larger  than  that  observed. 
Hartmann8  extended  some  of  these  calculations  to  include 
surface  demagnetizing  effects.  For  iron  at  room  temperature, 
Hartmann  calculated  x=9.03  for  a  domain  wall  well  below 
the  surface.  At  the  surface,  the  wall  narrows  considerably  to 
«=0.7.  Translated  into  distances,  this  implies  the  bulk  wall  is 
^t»iki_2Qo  nm  and  the  surface  wall  is  <^”rf*“,=  15  nm.  This 
calculation  is  based  on  the  spatial  extent  of  the  vertical  com¬ 
ponent  of  the  magnetization  and  does  not  preclude  the  Neel 
cap  effect  predicted  by  Hubert  and  Scheinfein  et  ol.  Given 
the  large  range  of  predictions,  the  measured  wall  widths  are 
reasonable.  A  final  note  concerning  the  wall  widths  is  that  the 
CoCr  film  on  the  cantilever  was  on  the  order  of  50  nm,  so  we 
would  expect  the  magnetic  resolution  of  the  cantilever  to  be 
on  that  scale  or  larger. 
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FIG.  3.  (a)  The  results  of  the  mkromagneuc  calculation  of  Scheinfein  el  al. 
for  a  OJ'/un-thtck  iron  him.  The  magnetization  as  a  function  of  position  in 
a  domain  wall  is  shown  at  the  surface  of  the  film  (denoted  “surface*')  and  in 
the  middle  of  the  Aim  (denoted  “bulk”).  At  the  top,  the  vertical  component 
of  the  magnetization  in  both  regions  is  plotted  and  the  bottom  rwo  curves 
show  the  component  Dcrpendkular  to  the  wall  plane,  (b)  The  magnetostatic 
charge  densities  obtained  from  the  magnetization  curves  in  (a). 


The  MFM  is  sensitive  to  stray  fields  arising  from  mag¬ 
netostatic  charge  from  the  divergence  of  the  magnetization 
(Pu  =  -V- M).  In  the  following  analysis,  we  will  hypothesize 
that  the  MFM  responds  to  a  combination  of  magnetostatic 
charges  at  and  below  the  sample  surface.  To  qualitatively 
calculate  the  magnetostatic  charge,  we  will  use  the  two- 
dimensional  wall  calculation  of  Scheinfein  et  aL  The  magne¬ 
tization  as  a  function  of  position  resulting  from  this  model  is 
plotted  in  Fig.  3(a).  For  this  model,  there  are  two  divergence 
terms  that  contribute  to  the  charge,  px=-dMJBx  and 
p,=  -  BMJBz.  Referring  to  Fig.  3(a),  we  can  see  that  at  the 
surface  there  is  only  a  very  small  vertical  component  of  the 
magnetization.  Thus,  between  ihe  middle  of  the  crystal  (we 
will  *efer  to  this  as  the  “bulk”)  and  the  surface  there  is  a 
significant  amount  of  magnetostatic  charge  originating  from 
the  divergence  of  the  z  component  of  the  magnetization.  Al¬ 
though  a  quantitative  statement  about  the  magnitude  of  this 
charge  cannot  be  made  from  observations  of  the  differences 
between  the  Mx  surface  and  bulk  curves  in  Fig.  3(a),  we  can 
see  that  the  distribution  of  px  is  symmetric  about  the  center 
of  the  wall  and  is  roughly  150-nm  wide.  Thus,  for  qualitative 
purposes,  we  will  assume  it  has  the  form  of  the  M,  curve 
[see  Fig.  3(b)].  If  we  extend  this  result  to  three  dimensions, 
this  should  be  the  charge  responsible  for  the  Bloch  lines 
observed  in  the  MFM  images. 

Returning  to  the  surface  [Fig.  3(a)],  we  also  see  that  the 
x  component  of  the  magnetization  has  significant  divergence. 
The  charge  density  from  the  x  divergence  of  the  magnetiza¬ 
tion  px ,  where  px- - BMJBx  at  the  surface  is  plotted  quali¬ 
tatively  in  Fig.  3(b).  It  is  this  contribution  to  the  charge 
which  may  lead  to  the  wide,  diffuse  signal  surrounding  the 
narrow  Bloch  line  structure  of  the  walls.  The  total  magneto¬ 
static  charge  which  results  in  the  stray  fields  measured  by  an 
MFM  should  be  the  sum  of  these  two  curves.  Plots  of  the 
charge  density  from  the  bulk  pz  and  the  surface  px  and  the 
three  traces  from  Fig.  2  are  plotted  in  Fig.  4. 

A  qualitative  comparison  of  the  calculated  charge  densi¬ 
ties  to  the  observed  wall  profiles  (Fig.  4)  shows  a  number  of 
disparities.  In  particular,  although  the  width  of  the  narrow 


FIG.  4.  From  symmetry  arguments,  the  wall  structure  resulting  from  the 
model  of  Scheinfein  et  al.  can  take  on  four  possible  permutations  three  of 
them  were  chosen  as  “best  His”  for  the  averaged  wall  profiles  shown  in  Fig. 
2.  Although  there  is  rough  qualitative  agreement  between  (be  experinrenui 
averages  and  a  combination  of  the  charge  distributions,  there  are  some  im¬ 
portant  disparities.  The  most  obvious  is  the  long  wavelength  signal  in  (he 
experimental  data  that  is  not  present  in  the  charge  distributions. 

portion  of  the  domain  walls  agrees  with  the  models,  there  is 
an  overall  curve  superposed  on  each  of  the  walls  which,  if 
originating  from  p, ,  is  much  larger  than  expected.  This  is  the 
bright,  diffuse  structure  observed  in  almost  all  of  the  mag¬ 
netic  images.  An  explanation  for  this  large  scale  structure  is 
still  needed  from  micromagnetic  models.  In  addition,  the 
length  scales  of  the  asymmetries  observed  in  the  experimen¬ 
tal  traces  do  not  match  the  predicted  charge  distribution  very 
well.  Thus,  while  interpretation  of  the  MFM  response  to 
stray  fields  above  the  iron  film  in  terms  of  the  micromagnetic 
model  of  Scheinfein  et  al.  shows  some  agreement,  there  are 
troublesome  length  scale  questions  that  must  still  be  ad¬ 
dressed. 

The  technique  of  magnetic  force  microscopy  has  been 
applied  to  domain  wall  structures  in  a  500-nm-thick  ferro¬ 
magnetic  single  crystal  of  iron.  A  wide  variety  of  phenomena 
was  observed  in  the  sample,  including  Bloch  walls,  Bloch 
lines,  and  zig-zag  walls.  The  structure  of  the  Bloch  walls 
has  been  discussed  in  terms  of  a  two-dimensional  micromag¬ 
netic  model.  Although  the  results  presented  are  qualitative, 
several  inconsistencies  between  modeled  and  measured  data 
were  determined.  Work  is  in  progress  on  more  sophisticated, 
quantitative  modeling  of  the  MFM  response  to  domain  walls 
in  iron,  taking  into  account  the  extended  nature  of  the  tip,  tip 
domain  structure,  and  topographical  effects  between  the  tip 
and  the  sample  surface. 

This  work  was  partially  supported  by  the  ONR,  Grant 
No.  N0014-89-J-1355.  This  is  contribution  9309  of  the  Insti¬ 
tute  for  Rock  Magnetism.  The  Institute  for  Rock  Magnetism 
is  supported  by  grants  from  the  Keck  Foundation  and  the 
NSF. 
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Influence  of  rf  magnetron  sputtering  conditions  on  the  magnetic, 
crystalline,  and  electrical  properties  of  thin  nickel  films 

M.  S.  Miller,  F.  E.  Stageberg,  Y,  M.  Chow,  K.  Rook,  and  L.  A.  Heuer 

Seagate  Technology,  7801  Computer  Avenue  South,  Minneapolis,  Minnesota  55435 

Thin  nickel  films  with  thicknesses  ranging  from  30  to  ISO  nm  were  deposited  via  radio  frequency 
(if)  magnetron  sputtering.  The  influence  of  argon  pressure,  film  thickness,  rf  input  power,  and 
deposition  rate  on  the  magnetic,  crystalline,  and  electrical  properties  of  the  films  was  evaluated. 
Depending  on  deposition  conditions,  film  coercivity  could  be  varied  from  2  to  290  Oe  while 
saturation  magnetization  could  be  varied  from  280  to  500  emu/cm3.  Higher  argon  pressures 
produced  lower  coercivity  films.  The  films  exhibited  a  dominant  fcc(lll)  orientation.  Lower  argon 
pressures  and  higher  rf  input  powers  increased  nickel  grain  sizes.  Classical  models  based  on  domain 
wall  energy  considerations  and  film  microstructure  are  used  to  intrepret  the  observed  experimental 
results. 


I.  INTRODUCTION 

Nickel  is  a  simple  ferromagnetic  material  with  an  fee 
crystalline  structure.  The  magnetic  properties  of  evaporated1 
and  electrodeposited2  thin  nickel  films  have  been  studied  as  a 
function  of  film  thickness,  grain  size,  and  substrate  material.3 

The  goal  of  this  study  was  to  evaluate  the  influence  of  rf 
magnetron  deposition  conditions  on  the  magnetic,  crystal¬ 
line,  and  electrical  properties  of  thin  nickel  films. 

II.  EXPERIMENTAL  PROCEDURE 

Nickel  films  were  rf  magnetron  sputtered  onto  3-in  - 
diam  silicon  wafers.  A  deposition  matrix  was  conducted 
whereby  both  the  argon  pressure  and  rf  input  power  were 
systematically  varied.  An  rf  input  power  of  250  W  produced 
a  0.2-nm/s  deposition  rate  while  a  2000-W  input  power  cor¬ 
responded  to  a  1.3-nm/s  deposition  rate.  The  silicon  substrate 
was  held  directly  above  the  sputtering  target  and  simulta¬ 
neously  rotated  about  its  center  during  deposition.  Film 
thickness  was  varied  from  30  to  150  nm. 

Film  thickness  was  determined  via  a  profilometer  step 
height  measurement  at  five  different  locations  on  the  wafer. 
Film  resistance  was  determined  via  a  standard  four-point 
probe  measurement. 

The  magnetic  properties  of  the  samples  were  measured 
with  a  vibrating  sample  magnetometer  (VSM)  and  a  low- 
field  B-H  looper.  The  maximum  field  of  the  VSM  was  12.5 
kG. 

An  x-ray  diffractometer  using  CuKa  radiation  was  used 
to  provide  x-ray  diffraction  data. 

III.  EXPERIMENTAL  RESULTS 

Figures  1  through  3  exhibit  the  influence  of  thickness  on 
nickel  coercivity  for  films  deposited  at  various  argon  pres¬ 
sures  and  rf  input  powers.  With  t  .  exception  of  the  films 
deposited  above  500-W  input  power  at  4-/rm  argon,  the  co¬ 
ercivity  of  the  nickel  films  show  a  similar  behavior  with 
increasing  film  thickness.  As  the  film  thickness  increases,  the 
nickel  coercivity  rapidly  rises  and  reaches  a  maximum  value 
between  55  and  80  nm.  At  thicknesses  greater  than  100  nm, 
nickel  coercivity  tends  to  level  off  at  a  value  roughly  equal  to 


two-thirds  of  the  peak  coercivity  value.  Similar  behavior  has 
recently  been  reported  for  thin  sputtered  iron  films.4 

For  a  specific  input  power,  Figs.  1-3  also  show  that  the 
peak  nickel  coercivity  tended  to  decrease  with  increasing  ar¬ 
gon  pressure.  The  magnetic  properties  of  the  nickel  films 
were  isotropic. 

Figure  4  shows  that  lower  argon  pressures  can  signifi¬ 
cantly  increase  the  saturation  magnetization  of  nominally 
65-nm  thick  nickel  films.  For  argon  pressures  above  8  pm, 
higher  rf  powers  also  tended  to  increase  film  saturation  mag¬ 
netization. 

X-ray  diffraction  analysis  of  nominally  65-nm-thick 
nickel  films  revealed  a  dominant  fee  ( 1 1 1 )  orientation  with  a 
lattice  parameter  of  3.51  A.  A  weak  fee  (200)  orientation  was 
also  noted  in  the  films. 

By  using  the  Scherrer  equation5  and  the  full  width  at 
half-maximum  (FWHM)  values  of  the  (111)  diffraction 
peaks,  the  crystalline  grain  sizes  in  the  nickel  films  can  be 
estimated. 

Figure  5  shows  that  lower  pressures  and  higher  rf  input 
powers  increased  the  grain  sizes  of  the  nickel  films.  Higher 
input  powers  increase  the  amount  of  substrate  heating  which, 
in  turn,  promotes  lateral  giain  growth. 
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FIG.  1.  Nickel  coercivity  as  a  function  of  him  thickess  for  films  deposited  si 
4-tun  pressure  and  various  rf  input  powere. 
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FIG.  2.  Nickel  coerciviiy  as  a  function  of  film  thickness  for  films  deposited 
at  10-^un  pressure  and  various  rf  input  powers. 

IV.  DISCUSSION 

Tie  variations  in  nickel  properties  with  changes  in  the 
deposition  variables  are  quite  interesting.  The  general  behav¬ 
ior  of  nickel  coercivity  with  film  thickness  and  the  variations 
in  film  saturation  magnetization  can  be  explained  by  consid¬ 
eration  of  classical  models  of  domain  wa"  energetics  and 
film  microstructure. 

The  large  variations  in  nickel  saturation  magnetization 
are  most  easily  understood  by  considering  the  influence  of 
argon  pressure  and  substrate  temperature  on  film  microstruc¬ 
ture. 

In  general,  lower  argon  pressures  and  higher  substrate 
temperatures  produce  films  with  a  denser  microstructure.6'7 

Denser  films  typically  exhibit  less  intergranular  voiding 
and  are  more  resistant  to  oxidation  effects,  fn  the  case  of 
magnetic  films,  such  microstructurally  dense  films  should 
exhibit  lower  resistivity  and  higher  saturation  magnetiza¬ 
tions.  This  precise  behavior  is  exhibited  in  Figs.  4  and  6. 

Higher  argon  pressures  can  also  influence  film  coerciv¬ 
ity.  Scanning  electron  microscopy  (SEM)  and  atomic  force 
microscope  (AFM)  analysis  have  revealed  that  the  high  re¬ 
sistivity,  low  Afs  films  may  have  void  contents  as  high  as 
10%-15%. 


FIG.  3.  Nickel  coercivity  as  a  function  of  film  tiircinc*  for  films  deposited 
at  20-  pm  pressure  and  various  rf  input  powers. 


FIG.  4.  Nickel  saturation  magnetization  vs  argon  pressure  for  films  depos¬ 
ited  with  500-  and  2000-W  rf  input  powers. 


These  voids  may  promote  increased  oxidation  in  the  film.4 
Nonmagnetic  inclusions  will  also  serve  as  local  sites  for  do¬ 
main  wall  pinning. 

The  general  behavior  of  nickel  coercivity  with  thickness 
can  be  understood  by  considering  domain  wall  energetics. 
Domain  wall  energetics  will  dictate  the  amount  of  field  nec¬ 
essary  to  saturate  the  film  magnetization  in  a  particular  di¬ 
rection. 

For  film  thicknesses  greater  than  100  nm,  Bloch  wall 
formation  is  favored.  The  total  wall  energy  density  for  a 
Bloch  wall8  can  be  expressed  by 


wK+ 


w  +  t  ’ 


(1) 


where  A  is  the  exchange  stiffness,  w  the  wall  width,  K  the 
anisotropy  constant,  M,  film  saturation  magnetization,  and  r 
is  the  film  thickness. 

For  film  thicknesses  below  100  nm,  the  magnetostatic 
energy  per  unit  area  of  a  domain  wall  becomes  appreciable 
relative  to  the  usual  exchange  and  anisotropy  eneigies.  At 
thicknesses  below  50  nm,  the  total  wall  enetgy  is  almost 
entirely  magnetostatic  and  is  best  approximated  in  an  expres¬ 
sion  derived  by  Neel,9 


1 
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FIG.  5.  Relative  nickel  grain  sizes  as  a  function  of  aigon  pressure  and  rf 
input  power. 
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FIG.  6.  Resistivity  of  nominal  65-nm-thick  nickel  films  vs  argon  pressure 
for  films  deposited  at  various  rf  input  powers. 
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FIG  7.  Theoretical  dependence  of  nickel  concavity  with  film  thicknesa  for 
Bloch-  and  Neel-type  walls. 


£n«1- 


irftvA/J 

f+H" 


(2) 


Film  coercivity  Hc  is  related  to  the  variation  of  the  wall 
energy  along  die  direction  s  of  wall  motion  via8 


Hc{t)~2M'  St  + 1  ds 


For  thin  films  with  Bloch  or  cross  tie  walls,  with  thick¬ 
nesses  r,  such  that  Otv,  Eqs.  (1)  and  (3)  yield  the  well 
known  “4/3  law”  of  Neel: 


ffe(')B1oci.=4.2 


Mj  ds 


where  dtids  is  assumed  to  be  a  nonzero  constant. 
Similarly  for  Neel  walls,  Eqs.  (2)  and  (3)  yield 


HeOW 


r  \2  Sw  1  dt 


Thus,  for  Neel  wall  widths  such  that  w>t,  there  should 
be  no  first-order  dependence  of  coercivity  on  film  thickness. 

This  result  provides  an  explanation  for  the  lack  of  ob¬ 
served  coercivity  variation  with  film  thickness  for  the  films 
deposited  at  4-fim  argon  pressure  and  high  input  power.  Fig¬ 
ures  4  and  6  indicate  that  low  argon  pressures  and  high  pow¬ 
ers  produce  films  with  dense  oxide-free  microstructures.  This 
type  of  microstructure  is  likely  to  produce  a  high  degree  of 
intergranular  exchange  and  magnetostatic  coupling.10  Such 
highly  coupled  films  would  be  expected  to  have  relatively 
wide,  w>t,  domain  walls. 


Conversely,  voids  in  the  films  or  oxidized  grain  bound¬ 
aries  reduce  intergranular  magnetic  coupling  and  produce 
domain  wall  pinning  sites.  These  effects,  which  occur  as  ar¬ 
gon  pressure  increases  and  or  as  process  temperature  (rf 
power)  decreases,  are  likely  to  reduce  the  width  of  the  Neel 
domain  walls.  For  Nee)  wall  widths  where  t=»  tv,  Eq.  (S) 
shows  that  coercivity  will  vary  quadratically  with  film  thick¬ 
ness. 

Equation  (5)  also  exhibits  a  linear  dependence  of  coer¬ 
civity  on  M, .  This  relation  can  be  used  to  account  for  the 
observed  increase  in  film  peak  coercivity  with  reduced  argon 
pressures,  since  lower  pressures  produce  higher  M ,  nickel 
films. 

Finally,  Fig.  7  employs  Eqs.  (4)  and  (5)  to  exhibit  the 
theoretical  dependence  of  coercivity  on  film  thickness  for 
Bloch  and  Nee)  walls.  The  theoretical  curves  of  Fig.  7  appear 
quite  similar  to  the  experimental  data  of  Figs.  1-3. 
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The  specific  advantages  and  limitations  of  a  new  class  of  polymer  based  magnets  [exemplified  by 
V(TCNE)x-y(solvent)  (TCNE=tetracyanoethylene)]  for  static  and  low  frequency  magnetic 
shielding  and  inductive  applications  are  evaluated  using  results  of  dc  superconducting  quantum 
interference  device  magnetization  and  ac  permeability  measurements.  Present  materials  have  very 
low  density  (p~  1  g/cnr),  relatively  high  resistivity  (~  10*  fl  cm),  and  low  power  loss  (as  low  as  —2 
erg  cm-3  cycle'1).  The  highest  initial  room  temperature  permeability  observed  to  date  (for 
solvent=CH2Cli)  of  /r,  =  1 3  is  modest  for  practical  applications.  Flexible  processing  methods  are 
suggested  for  optimization  of  magnetic  properties  important  for  shielding  applications. 


Molecular  based  magnets  present  opportunities  for  de¬ 
veloping  a  new  class  of  lightweight  materials  for  magnetic 
shielding  and  inductive  applications,  that  are  processible  at 
room  temperature  using  conventional  organic  chemistry.  The 
field  of  molecular  magnetism  is  in  its  infancy  compared  with 
other  classes  of  soft  magnetic  materials.  The  discovery  in  the 
mid  1980’s  of  ferromagnetism  at  4.8  K  in  the  linear  chain 
electron  transfer  salt  [FeCpJ][TCNE]  (TCNE=tetra- 
cyanoethylene)  marked  the  birth  of  molecular  magnetism  as 
a  class  of  magnetic  materials.1,3  The  report3  in  1991  of  room 
temperature  ferrimagnetism  in  the  polymeric  material 
V (TCNE)X ■  y (CHjCy  (x~2,y~0.5)  was  the  first  indica¬ 
tion  that  this  class  may  be  of  technological  use. 

Magnetic  shielding  of  low  frequency  magnetic  fields  is 
accomplished  with  soft  magnetic  materials.4  Current  soft 
magnetic  materials  suitable  for  magnetic  shielding  include 
transition  metal  alloys  and  ferrite  ceramics.4  Transition  metal 
alloys  may  be  tailored  to  have  very  high  initial  permeabilities 
(#*,—20  000)  and  low  coercive  fields  (Hc= 0.006  Oe) 
through  choice  of  the  transition  metal  concentrations,  and 
annealing  procedure  to  increase  crystalline  order.  Cold  work¬ 
ing  and  machining  reduce  the  shielding  effectiveness  of  these 
materials  to  near  that  of  high  purity  iron  (#t,~200).  Ferrite 
materials  also  require  an  anneal  to  reach  their  maximum  per¬ 
meabilities  (/r,~3000). 

Results  of  dc  superconducting  quantum  interference  de¬ 
vice  (SQUID)  magnetization  and  ac  permeability  studies  of 
V(TCNE)x-y (solvent)  molecule  based  magnets  are  pre¬ 
sented.  The  specific  advantages  and  limitations  of 
V(TCNE)X  ■  y  (solvent)  and  other  molecular  based  magnets 
for  static  and  low  frequency  magnetic  shielding  and  induc¬ 
tive  applications  are  identified.  Although  no  members  of  this 
class  are  immediately  suitable  for  these  applications,  their 
density,  low  power  loss,  and  flexible  low  temperature  proces- 
sibility  are  promising  for  the  development  of  lightweight 
shielding  materials. 

Samples  of  V(TCNE)X  ■  y  (solvent)  are  prepared  by  add¬ 
ing  a  solution  of  V(C6H6)2  in  solvent  X  dropwise  to  a  solu¬ 
tion  of  TCNE  in  solvent  Y,  resulting  in  a  black  powder  pre¬ 


cipitate.  Examples  of  solvents  are:  (i)  V(TCNE)xy(CH2Cl2) 
(X=Y=CH2C12);  (ii)  V(TCNE)X  y  (CMjCN/QH*) 
(X=C6H6,  Y=CH3CN);  (iii)  V(TCNE)X  y(CH3CN) 
(X=Y=CH3CN).  1R  spectra  showed  an  absence  of  in 
the  precipitate.  Samples  of  V/TCNE  based  magnets  also 
were  prepared  using  an  alternate  procedure.5  All  samples  are 
very  reactive  towards  oxygen.  Measurements  were  per¬ 
formed  on  powdered  samples  which  were  sealed  under 
vacuum  in  quartz  tubes.  Elemental  analyses  yield  significant 
uncertainties  in  x  and  y ? 

The  complex  ac  permeability  was  measured  using  the 
mutual  inductance  technique  for  10-104  Hz.6  The  results 
presented  in  Fig.  1  were  measured  on  powder  samples  at  400 
Hz  with  an  exciting  field  of  220  mOe.  For  V(TCNE)X 
•yfCHzClj)  (both  preparations)  and  V(TCNE)X 
•yiCHjCN/CijHj),  the  permeability  was  measured  by  cool¬ 
ing  to  2.0  K  and  stabilizing  at  each  temperature  before  the  ac 
permeability  measurement.  The  ac  permeability  of 
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FIG.  1.  Real  and  imaginary  permeability  of  V(TCNE),  - 
V/TCNE  (alternate  preparation),  V(TCNE),  yCCHjCN/CiH*),  and 
V(TCNE)X  •  y  (CHjCN).  Uocalibrated  *'  for  VtTCNE^ytCHjCN/QH*), 
and  VCTCNEk-yfCHjCy  were  previously  published  in  Ref.  7. 
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FMd  (0«>  FMd  (0.) 

F10.  2.  Half  hysteresis  loops  of  V(TCNE),  y(CH3CN)  at  50  K  [(a)  and  (c)] 
and  100  K  [(b)  and  (d)].  Lower  figures  [(c)  and  (d)]  have  expanded  axes. 


V (TCNE)r  •  y  (CH,CN )  was  measured  as  the  sample  was 
cooled  from  30  to  5  K  at  a  rate  of  0.5  K/min,  and  then  held 
at  5  K  for  2  min  before  sweeping  up  to  150  K  at  the  same 
rate. 

Magnetic  hysteresis  was  measured  at  50  and  100  K  with 
a  Quantum  Design  MPMS  SQUID  magnetometer  by  cooling 
in  zero  field  from  150  K  to  the  measurement  temperature, 
and  then  measuring  the  magnetization  as  the  field  is  ramped 
up  to  100  Oe,  down  to  - 100  Oe,  and  then  back  up  to  100  Oe 
(at~0.33  Oe/s).  The  density  of  1.0±0.2  g/cm1  for  both 
V(TCNE)Jt  y(CH2Cli)  and  V(TCNE),  y(CH3CN)  was  deter¬ 
mined  in  a  glove  bos  by  pressing  a  pellet  (1.3  cm  diameter), 
and  measuring  its  dimensions  and  mass.  The  demonstration 
shown  in  Fig.  3  was  performed  by  suspending  soft  iron  rods 
(common  staples)  above  a  SmCo5  permanent  magnet  [Fig. 
3(a)],  and  then  placing  a  pressed  pellet  (13  cm  diameter)  of 
V(TCNE)xy(CH2Cl2)  above  the  magnet  [Fig.  3(b)]  at  room 
temperature  under  argon. 

The  ordering  temperature  Tc  is  above  350  K  for 
V(TCNE),  ■  y (CHjClj)3'’  (its  decomposition  temperature) 
130-140  K  for  V(TCNE)I  y(CH3CN/C6H6),7'8  and  80-120 
K  for  V(TCNE)I-y(CH3CN)  from  both  ac  permeability  and 
dc  magnetization  measurements.  Initial  permeability  for 
V(TCNE)I-y  (solvent)  is  independent  of  frequency  from  10 
Hz  to  10  kHz,  except  near  the  spin  glass  freezing  tempera- 


FIG.  3.  (»)  Folded  soft  iron  rods  (staples)  are  shown  attracted  to  a  SraCo, 
pennaneta  magnet  (b)  With  a  pellet  (r=6.5  mm,  r=1.7  mm)  of 
V(TCNE),  y(CH2Cl2)  at  room  temperature  shielding  the  magnetic  field,  the 
soft  iron  rods  hang  freely. 


hire  Tf  in  V(TCNE),  ylCHjCN/C^HJ  and  V(TCNE) 
•y(CH3CN),  where  strong  frequency  dependence  is  seen’ 
Microwave  experiments  at  6  GHz  show  very  small  ( — 1)  ini¬ 
tial  permeability  for  VITCNE^  ylCHjCij)  and  V(TCNE), 
■ydCHjCN/QHJ  at  a!  temperatures  in  this  frequency 
range.10  The  real  and  imaginary  parts  of  the  400  Hz  ac  per¬ 
meability,  fi'  and  n“.  Fig.  1,  do  not  follow  the  dc  magneti¬ 
zation  curves7  for  these  materials. 

The  n'  indicated  that  the  energy  loss  is  greatest  foe 
VCTCNE),  ■  y  (CHjCN/C^H*),  and  lowest  for  V(TCNE), 
y(CH3CN).  VCTCNE),  ■  y  (CH,CN/C,,H6)  has  a  re-entrant 
spin  glass  phase  below  10  K.7  for  V(TCNE),  y(CH3CN), 
warming  and  cooling  ac  permeabilities.  Fig.  1,  show  irre¬ 
versibility  below  Tf~  18  K. 

The  half  hysteresis  loops.  Fig.  2,  show  low  energy  loss 
for  V(TCNE),  y(CH3CN)  of  2  erg  cm-3  cycle* 1  at  50  K  and 
0.1  erg  cm-3  cycle* 1  at  100  K.  This  compares  favorably  with 
the  losses  for  technological  materials  presented  in  Table  I. 
Room  temperature  hysteresis  for  V(TCNE),y(CH2Cl2)  indi¬ 
cates  a  remanant  magnetic  induction  4  -wM  =  1 0  G,  coercive 
field  60  Oe,  and  hysteresis  loss  of  5000  erg  cm  3  cycle  1 . 
The  coercive  field  for  an  alternately  prepared  V/TCNE  based 
magnet  is  two  orders  of  magnitude  lower. 

Figure  4  presents  the  calculated  static  magnetic  shielding 
factor,11  defined  as  5  =  -  20  log (//,///„)>  where  H0  is  an 
applied  static  uniform  magnetic  field  and  H,  is  the  static 
magnetic  field  inside  the  sphere.  Results  are  shown  for  a  10 
cm  outer  radius  spherical  shield  of  mass  1  kg.  Shielding 
factors  S>10  are  for  materials  that  have  undergone  extensive 
purification  and  annealing  treatments,  which  have  not  yet 
been  developed  for  V(TCNE),  y  (solvent )  based  magnets. 

Table  I  gives  a  comparison  of  present  molecular  magnets 
(including  a  variant  prepared  using  solvent=C4HKOl1)  with 
other  magnetic  materials  used  in  shielding  applications. 
Transition  metal  alloys  offer  high  initial  permeabilities  (ft,) 
and  high  saturation  induction  (Bs),  at  the  cost  of  having 
large  densities  (pd),  large  hysteresis  losses  (IF),  and  large 
eddy  current  losses  caused  by  low  resistivities  (pr).  Ferrite 
materials  have  smaller  saturation  induction  and  smaller  ini¬ 
tial  permeabilities,  but  have  lower  eddy  current  and  hyster¬ 
esis  power  loss.  V(TCNE),  ■  y  (solvent)  based  magnets  as  yet 
have  lower  permeabilities  [largest  room  temperature  value  to 
date  being  13  for  V(TCNE ), ■  y (CH2C12),  Fig.  2]  and 
low  saturation  induction,  but  have  the  advantage  of  being  an 
order  of  magnitude  less  dense  than  transition  metal  materials 
and  having  low  eddy  current  and  hysteresis  losses.  For  com¬ 
parison,  /ij  for  the  linear  chain  molecular  magnets 
[FeCpIJTCNE]1  and  [GCpfITCNE]13  are  3.1  (4.7  K)  and 
3.6  (2.0  K),  respectively,  determined  from  their  dc  suscepti¬ 
bilities.  With  increases  in  permeability,  molecular  magnetic 
materials  analogous  to  V (TCNE),  ■  y  (solvent)  can  be  applied 
to  lightweight  shielding  of  dc  magnetic  fields,  and  also  to 
lightweight,  low  loss  inductive  applications  such  as  trans¬ 
former,  inductor,  and  motor  cores.  Figure  3  demonstrates  the 
effectiveness  of  V(TCNE)J  y(CH2a2)  <n  attenuating  the 
magnetic  force  exerted  by  a  SmCo,  magnet  on  soft  iron. 

Though  significant  shielding  is  obtained  for  molecular 
based  magnets  such  as  V(TCNE)i  y(CH3CN),  the  effective¬ 
ness  is  much  lower  than  that  of  currently  used  materials 
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TABLE  L  Magnetic  mterriab  properties  for  thickting  application.  Menu  feme  nt»  arc  at  room  temperature,  except  where  a  footnote  reference  appears. 
Saturating  iaductkm  (Bt)  for  V/TCNE  based  magnets  is  taken  at  100  G  field,  which  represents  induction  outside  of  the  hysteresis  loop;  saturation  magneti¬ 
zation  is  much  higher.  MF  sod  LF  ferrites  are  MnZnFe  ferrites  for  medium  frequency  (MF,  0.1-2  MHz)  and  low  frequency  (LF.  <0.2  MHz)  applications. 
Information  from  References  3, 4,  7, 13,  and  16. 


Material 

B,(G) 

B,iG) 

H,  (Oe) 

pjpt 

p,  (fl  cm) 

W  (erg/ctn3) 

Ft  (g)cmJ) 

Fe  (99.8%) 

20  500 

8600 

1.4 

10 

1.3 

3X1(T5 

30000 

7.9 

Pe  (99.9%) 

21500 

1.0 

200 

25 

1X10S 

5000 

7.9 

Fe  (99.95%) 

21500 

0.05 

10000 

1300 

1X10"’ 

5000 

7.9 

Mumetal 

6500 

3000 

0.05 

20000 

2300 

6X10"5 

300 

8.7 

MF  Ferrite 

4000 

1500-2000 

0.05-1.2 

500-1000 

100-200 

3.3X10" 

250 

5 

LF  Ferrite 

3500-5000 

800-1400 

0.12-0.38 

800-2500 

160-500 

50-700 

45-130 

5 

V(TCNE),y(CH!a2) 

140(320") 

10 

20-60, 

2  (14*) 

2 

1X10* 

5000 

(315**> 

(19**) 

(0.5**) 

(13*) 

(13*) 

(13*-*) 

V(TCNE)Iy(C4H,0) 

210" 

10* 

-Iff 

~1 

V(TCNE),y(CH,CN/QHJ 

180" 

15' 

-15' 

1X105 

~1 

V(TCNE),y(CH3CN) 

190" 

0.3* 

0.15* 

20* 

20* 

2* 

~1 

’Alternate  preparation  technique  (Ref.  5);  *20  1C  c250  K;  a150  K;  ‘50  K;  '75  K;  *60  K. 


(jg  VCTCNE),  ,(CH,CN)  «.  Q.01  fl1*™*  ,  Ati/pJV(TCNE)>  >'(CH3CN) 

*»  0.05  ftjpj™*)-  Disorder  may  be  added  to 

V (TCNE),  y  (solvent)  based  magnets  during  preparation 
through  the  presence  of  additional  reactants,  present  either  as 
solvent  or  solute,  creating  molecular  “alloy”  materials.  In 
V(TCNE)1y(CH2Cl2),  dichloromethane  is  suggested  to  be 
present  primarily  as  a  spinless  interstitial  dopant.  As  such,  it 
will  add  disorder  weakly  to  the  exchange  through  superex¬ 
change  and  through  van  der  Waals  interactions  with  the 
unpaired-spin  orbitals.  It  will  also  perturb  the  anisotropy  by 
changing  the  local  symmetry. 

The  role  of  acetonitrile  in  VCTCNE),  y  (CH3CN),  and 
V  (TCNE),  •  y  (CHjCN/C^H^)  is  much  stronger,  and  is  that  of 
a  spinless  substitutional  as  well  as  interstitial  dopant.  Its 
effects  on  the  exchange  are  through  coordinating  with  the  V, 
directly  changing  the  occupancies  of  the  unpaired-spin  orbit¬ 
als.  Also,  Tc  is  reduced  through  dilution.  Replacement  of  a 
TCNE  by  an  acetonitrile  molecule  breaks  the  local  syrame- 
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FIG.  4.  Calculated  magnetic  shielding  factor  of  various  materials  for  a  1  kg 
iphencai  shield  with  a  10  cm  ooaer  radius.  Values  for  ferrites,  Fe  (99.9%) 
and  Mumetal  are  for  materia  is  that  have  undergone  detailed  umcalirtr  and 
purification  proceaaes  so  obtain  high  permeability.  (Values  from  Ref. 7, 
■ad  13.) 
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try,  inducing  random  anisotropy.8  Though  the  acetonitrile 
content  cannot  be  measured  accurately  it  is  suggested  that  Tc 
is  a  measure  of  the  relative  concentration.  Reduction  of 
Tc~  140  K  in  VfTCNE),  y(CH3CN/C^)  to  Tc~  100  K  in 
VCTCNElx-ylCHjCN)  indicates  that  the  level  of  “solvent 
doping"  can  be  controlled  by  the  relative  concentration  of 
reactants,  both  solvent  and  solute. 

It  is  suggested  that  through  the  fabrication  of  high  purity 
molecular  magnet  “alloys,”  materials  may  be  produced 
which  are  suitable  for  magnetic  shielding  and  inductive  ap¬ 
plications  at  room  temperature  and  above. 

We  thank  C.  Vasquez  (DuPont)  for  sample  preparation. 
This  project  was  supported  in  part  by  the  Department  of 
Energy  Division  of  Materials  Sciences  under  Grant  No.  DE- 
FG-02-86BR456271. 
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Soft  magnetic  properties  of  nanocrystalline  Fe-Hf-C-N  films 
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Fe-Hf-C-N  films  with  excellent  soft  magnetic  properties  were  fabricated  by  Ar+N2  reactive 
sputtering  for  the  first  time.  The  newly  developed  films  weie  found  to  have  better  soft  magnetic 
properties  than  those  of  Fe-Hf-C  or  Fe-Hf-N  films.  The  best  magnetic  properties  achieved  in  this 
work  are  Hc  of  0.15  Oe,  p^g  of  8200,  and  4  vM,  of  17  kG.  The  thermal  stability  of  the  Fe-Hf-C-N 
films  was  also  found  to  be  excellent,  e.g.,  Hc  was  less  than  0.3  Oe  and  p^g  was  about  4000  for  the 
films  annealed  up  to  700  °C.  it  was  observed  by  transmission  electron  microscopy  that  the  films 
consisted  of  two  phases:  a  fine  crystalline  a-Fe  phase  whose  grain  size  is  about  6  run,  and  Hf(C,N) 
precipitates  with  a  size  of  less  than  2  nm.  The  fine  grained  a-Fe  structures,  together  with  finely 
dispersed  Hf(C,N)  precipitates,  is  considered  to  be  one  of  the  main  factors  for  the  excellent  magnetic 
properties  and  thermal  stability. 


I.  INTRODUCTION 

Fe-M-C  (M:  early  transition  metals  such  as  Hf,  Ta,  Zr, 
etc.)  and  Fe-M-N  nanocrystalline  films  are  repotted  to  have 
good  soft  magnetic  properties  together  with  high  thermal 
stability.'12  The  nanocrystalline  films  can  be  obtained  by  the 
crystallization  of  precursor  amorphous  films.  M -carbides  or 
M-nitrides  formed  during  the  heat  treatment  are  considered 
to  act  as  nuclcation  or  pinning  sites  of  grain  growth,  resulting 
in  nanoscale  a-Fe  grains.  The  fine  grains  of  a-Fe  is  regarded 
as  one  of  the  essential  factors  for  magnetic  softness. 

In  this  article  we  first  study  the  magnetic  properties  of 
Fe-Hf-C-N  films,  in  order  to  examine  the  effect  of  the  simul¬ 
taneous  addition  of  C  and  N.  The  magnitude  of  the  free 
energy  of  formation  of  M-nitrides  is  generally  larger  than 
that  of  M-carbides.3  Therefore  it  would  be  of  interest  to  ex¬ 
amine  how  the  process  for  the  formation  of  nanocrystallites 
and  the  resultant  magnetic  properties  change  with  the  C  and 
N  content  in  Fe-M  alloys. 

il.  EXPERIMENT 

Fe-Hf-C-N  films  were  fabricated  in  Ar+N2  plasma  by  an 
rf  magnetron  sputtering  apparatus.  The  target  consisted  of  an 
Fe  disc  with  small  pieces  of  Hf  and  C.  The  partial  pressure  of 
N2  gas  (PNj)  was  controlled  in  the  range  of  0-10%  keeping 
the  total  gas  pressure  of  1X10"3  Torr  constant.  The  fabri¬ 
cated  films  which  were  deposited  onto  Coming  7059  glass 
substrates  were  disc  shaped  with  10  mm  diameter  and  1  pm 
thickness.  The  deposition  rate  was  470-620  A/min,  mainly 
depending  on  PNj  at  the  power  density  of  3.82  W/cnr2.  The 
composition  of  films  was  analyzed  by  Auger  electron  spec¬ 
troscopy  (AES),  and  some  of  films  also  by  Rutherford  back- 
scattering  spectroscopy  (RBS).  When  analyzed  by  AES,  the 
composition  was  calibrated  with  the  standard  sample  ana¬ 
lyzed  by  RBS.  The  films  were  annealed  at  350-700  °C  for 
30  min  in  vacuum.  The  saturation  magnetization  (4irAfs) 
and  coercive  force  (Hc)  were  measured  by  a  vibrating 
sample  magnetometer  (VSM).  Thermomagnetic  analysis  was 


performed  in  the  temperature  range  of  liquid  nitrogen  tem¬ 
perature  to  800  °C  under  an  external  field  of  10  kOe  using 
the  VSM.  The  effective  permeability  ip^g)  was  measured  at 
1  MHz  by  an  impedance  analyzer  using  a  horse-shoe  shaped 
ferrite  core.  The  microstructure  was  investigated  by  trans¬ 
mission  electron  microscopy  (TEM)  and  x-ray  difffactometry 
(XRD). 

Id.  RESULTS  AND  DISCUSSION 

Magnetic  properties  of  Fe-Hf-C-N  films  produced 
by  Ar+N2  reactive  sputtering  showed  strong  dependence 
on  Piil .  Figure  1  shows  the  dependence  of  Hc  on  PN,  for 
the  films  annealed  at  550  “C.  In  this  figure  the  film  with 
0%  PNj  indicates  the  Fe-Hf-C  film  deposited  in  the  pure 
Ar  plasma.  Hc  decreases  abruptly  with  PNj,  reaching  the 
minimum  value  of  about  0.17  Oe  at  2%  PNj ,  and  then  in¬ 
creases  with  a  further  increase  of  PNj .  The  content  of 
nitrogen  incorporated  in  the  films  was  almost  linearly  in¬ 
creased  with  increasing  PN, .  The  typical  compositions  of 
the  films  were  Fes,.4H^2Ce.7N3.?>  Few.,H4,Cs.9N*.2,  and 
Fe^jHff  jCs  fNtfn  at  2%,  5%,  and  10%  PNl,  respectively. 
In  this  figure  p^g  is  also  shown,  p^g  shows  the  peak  value  of 
more  than  7500.  In  the  high  PNj  region  exceeding  5% 
P  N  ,  p,n  shows  a  relatively  low  value  corresponding  to  high 
He 

Figure  2  shows  the  variation  of  4rrAf, ,  Hc ,  and  p^g 
with  annealing  temperature  for  the  films  prepared  at  various 
Pfi2-  In  N-free  Fe-Hf-C  films,  4tr M,  showed  a  rapid 
increase  at  around  550  °C,  which  is  commonly  observed 
during  the  crystallization  of  Fe-M  based  amorphous 
alloys.1-4,3  It  is  to  be  noted  that  as  PNj  increases,  4i rM ,  of 
as-deposited  Fe-Hf-C-N  films  increases  and  the  increments 
in  4irAf,  with  temperature  become  low.  In  Fe-M  based  al¬ 
loys,  4  tr M,  is  a  structure-dependent  property  which  in¬ 
creases  as  the  structure  changes  from  amorphous  to  crystal¬ 
line  a-Fe,  combined  with  Curie  temperature  (Tc).s  Therefore 
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Nitrogen  Partial  Pressure  (X) 


FIG.  I.  Coercive  force  and  effective  permeability  as  s  fuactioa  of  for  FIG.  3.  Effective  permeability  as  s  function  of  PH,  for  die  Sims  where  the 
the  aims  asoeaied  at  550  *C.  ratios  of  [CJfHfl  are  1.1,  0.6,  0.5. 


the  increase  in  4i rM,  with  PNj  in  the  as-deposited  films 
implies  that  crystallinity  changes  with  PN;  as  well  as  anneal¬ 
ing  temperature.  As  is  also  shown  in  this  figure,  the  films 
with  PN]  ranging  2%-5%  show  excellent  thermal  stability, 
Hc  being  less  than  0.3  Oe  and  being  4000  for  the  films 
annealed  up  to  700  °C.  However  magnetic  softness  of  the 
films  with  0%  or  a  PNj  of  10%  and  over  is  not  good  in  tbe 
entire  temperature  range. 

In  order  to  understand  the  nitrogen  effect,  the  at 
which  /teg  exhibits  its  peak  value  were  determined  at  varying 
ratios  of  [Cl/[Hf]  in  Fe-Hf-C  alloys.  Figure  3  shows  the 
Pf^  dependence  of  for  the  Fe-Hf-C-N  films  annealed  at 
550  °C.  The  ratios  of  [C%Hf]  are  1.1,  0.6,  and  0.5  which 
correspond  to  Feg2Hfg4C,6,  Fer,3Hf7<)C48,  and 
Feg,  (HfujCjfe  respectively.  It  is  seen  that  the  higher  the 
ratio  of  [Cjf[Hf],  the  lower  the  PNj  showing  peak  permeabil¬ 
ity.  This  suggests  that  the  critical  total  amount  of  C  and  N 
depends  on  the  Hf  content  in  order  to  obtain  good  soft  mag¬ 


netic  properties.  Tbe  reason  for  this  is  explained  as  follows. 
In  the  Fe-Hf-C-N  alloys,  it  is  expected  that  Hf  has  a  strong 
tendency  to  form  nitrides  and/or  carbides.  These  compounds 
are  likely  to  play  an  important  role  in  the  microstructure. 

Figure  4  shows  x-ray  diffraction  patterns  of  as-deposited 
Fe-Hf-C-N  films  as  a  function  of  PNj.  The  structural 
changes  with  PNj  are  somewhat  peculiar.  As  PN?  increases 
the  structure  of  the  as-deposited  film  changes  from  an  amor- 
phouslike  to  a  crystalline  phase  and  again  returns  to  an  amor¬ 
phous  phase.  It  could  be  divided  into  two  regions:  region  I  in 
which  crystallinity  improved  and  region  II  in  which  amor- 
phization  occurred  again.  In  region  I,  the  microstructure 
changed  from  an  amorphouslike  phase  and  HfiC  to  a  crystal¬ 
line  one  and  Hf(C,N).  On  the  contrary,  in  region  II  exceeding 
5%  PN;  the  structure  returned  to  an  amorphouslike  one 
again  In  region  I,  the  origin  of  the  microstructural  change 
with  Pft2  is  considered  to  be  due  to  the  fact  that  N  reacts 
more  readily  with  Hf  than  C  owing  to  a  larger  magnitude  of 
free  energy  of  formation  of  HfN  than  HfC.  As  PNj  increases. 
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FIG.  5.  Thcnnomagnetic  diagrams  as  a  function  of  /*Nj . 


the  Fe-Hf-C-N  amorphous  matrix  becomes  deficient  in  Hf 
content  owing  to  the  precipitation  of  Hf(C,N)  from  the  ma¬ 
trix.  This  lowers  the  crystallization  temperature  of  the  re¬ 
maining  amorphous  phase,  with  some  parts  of  the  matrix 
being  crystallized.  In  region  II,  however,  it  is  expected  that 
excessive  N  would  be  solutionized  into  an  a-Fe  lattice  and 
thereby  the  structure  transformed  to  an  amorphous  like  one, 
which  may  be  driven  by  accumulated  strain  induced  from  the 
incorporation  of  N  into  the  a-Fe  lattice.6'7 

The  above  suggestion  can  be  verified  indirectly  by  the 
crystallization  behavior  of  the  remaining  amorphous  phase  in 
the  as-deposited  films  through  thermomagne'ic  analysis.  The 
results  are  shown  in  Fig.  S.  As  PN}  increases  in  region  I,  the 
Curie  temperature  of  amorphous  phase  (Tf  am)  increases  and 
the  crystallization  temperature  (Tx)  of  the  amorphous  phase 
decreases  and  the  shape  of  the  change  in  the  reduced  mag¬ 
netization  (0/0-77  K)  near  Tx  becomes  shallow.  This  means 
that  the  fraction  of  the  remaining  amorphous  phase  was  de¬ 
creased  and  crystallinity  improved.  In  region  II,  on  the  con¬ 
trary,  the  shape  of  change  in  ala-p  K  near  T,  becomes  deeper 
again,  which  means  that  the  fraction  of  the  amorphous  phase 
increases.  As  for  the  crystallization  behavior,  the  amorphous 
precursor  of  Fe-Hf-C-N  is  different  from  that  of  N-free  Fe- 
Hf-C.  The  former  has  higher  Tc  and  lower  Tx  compared  to 
the  latter,  and  the  former  is  crystallized  into  a-Fe  through 
two  steps. 

Figure  6  shows  TEM  images  and  the  diffraction  pattern 
of  the  Fe8uHfg_2C6  7N3  7  film  produced  in  region  I  with  2% 
Pii;  and  subsequently  annealed  at  550  °C.  The  films  con¬ 


F1G.  6.  TEM  micrograph*  and  diffraction  pattern  of  Fe-Hf-C-N  films  an¬ 
nealed  at  550  ‘C:  (a)  bright  field  image;  (b)  a-Fe  (110)  dark  field  image;  (c) 
Hf(C,N)  (111)+(200)  dark  field  image;  (d)  diffraction  partem 

sisted  of  two  phases:  a  fine  crystalline  a-Fe  phase  whose 
grain  size  is  about  6  nm  and  Hf(C,N)  precipitates  with  a  size 
of  less  than  2  nm.  Although  not  shown  here  due  to  space 
limitation,  it  was  also  observed  by  TEM  that  the  N-Free 
Fe-Hf-C  films  consisted  of  targe  grains  of  both  a-Fe  and  HfC 
precipitates,  with  sizes  of  10-20  nm  and  about  3  nm,  respec¬ 
tively.  In  region  11,  however,  a  diffraction  pattern  similar  to 
y’-Fe,N  was  observed  by  both  TEM  and  XRD.  This  phase 
may  cause  the  deterioration  of  the  magnetic  properties  of  the 
annealed  films  as  shown  in  Fig.  2.  As  seen  from  the  above 
results,  more  refined  nanocrystalline  structures  and  precipi¬ 
tates  can  be  obtained  by  annealing  the  Fe-Hf-C-N  films  with 
phase  mixtures  of  amorphous,  bcc  a-Fe  and  Hf(C,N)  precipi¬ 
tates  rather  than  by  using  N-free  films  with  a  fully  amor¬ 
phous  phase. 

In  conclusion,  we  were  able  to  fabricate  Fe-Hf-C-N 
films  with  excellent  magnetic  and  thermal  properties.  The 
excellent  properties  are  believed  to  result  from  the  very  fine 
grains  of  the  a-Fe  phase,  together  with  finely  dispersed 
Hf(C,N)  precipitates. 
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Electrical  characteristics  of  spiral  coil  planar  inductors  using  amorphous 
alloy  ribbons  as  magnetic  layers 
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Various  types  of  planar  inductors  have  been  proposed  for  reducing  the  volume  of  switching 
converters.  Planar  inductors  using  amorphous  alloy  ribbons  as  magnetic  layers  are  also  studied.  The 
purpose  of  this  study  is  to  clarify  the  relation  between  the  electrical  performance  of  the  inductor,  and 
the  properties  and  composition  of  amorphous  ribbon.  The  experimental  results  show  that 
superimposed  dc  current,  /80,  increases  linearly  with  the  product  of  Bm  and  ribbon  thickness  r, 
where  /g0  is  defined  as  the  dc  current  corresponding  to  an  inductance  which  decreases  to  80%  of  an 
initial  value.  In  the  case  of  stacking  amorphous  alloy  ribbons,  /80  increases  with  gradual  approach 
to  saturation,  as  the  stack  thickness  increases  regardless  of  ribbon  thickness.  However,  the  saturation 
value  of  ls o  depends  on  ribbon  thickness.  The  saturation  value  increases  with  increasing  ribbon 
thickness.  The  above  results  suggest  that  from  a  practical  viewpoint  the  use  of  thick  ribbons  is 
preferable.  With  respect  to  alloy  composition,  the  Fe-based  alloy  is  more  favorable  compared  with 
the  Co-based  alloy  because  of  its  higher  stored  magnetic  energy. 


I.  INTRODUCTION 

For  the  purpose  of  reducing  the  volume  of  switching 
converters,  efforts  have  so  far  been  made  to  miniaturize  mag¬ 
netic  devices.  However,  there  are  limitations  in  further  min¬ 
iaturizing  conventional  cores  because  of  difficulties  in  core 
fabrication  and  coil  winding. 

Recently  various  types  of  planar  inductors  have  been 
proposed,1"4  which  are  laminations  composed  of  a  planar 
coil,  magnetic  layers,  and  insulating  layers.  These  planar 
type  devices  are  promising  in  view  of  their  flat  shape  and 
capability  of  high  frequency  use. 

In  this  article  we  study  planar  inductors  using  amor¬ 
phous  alloy  ribbons  as  magnetic  layers.  The  effects  of  the 
composition,  ribbon  thickness,  and  stack  thickness  of  amor¬ 
phous  alloys  on  electrical  characteristics  are  examined  in  or¬ 
der  to  optimize  the  constitution  of  magnetic  layers.  The  re¬ 
sults  are  analyzed  using  the  finite  element  method. 

H.  EXPERIMENTAL  PROCEDURES 

The  structure  of  planar  inductors  studied  in  this  article  is 
shown  in  Fig.  1.  The  amorphous  alloy  ribbons  were  prepared 
by  a  rapidly  quenching  method5  and  annealed  after  cutting  a 


14  mm  square.  The  composition  of  amorphous  alloys  were 
Co^Fe^i ,  61L)Mo2  (Co-based  for  short)  and 

Fe7,Bl2C4Ni5Mo4  (Fe-based  for  short).  One  to  ten  sheets  of 
them  were  stacked  on  each  side  of  the  planar  coil  of  a  spiral 
type,  which  gives  larger  inductance.1  The  planar  spiral  coil 
with  38  spiral  turns  was  formed  on  both  sides  of  an  alumina 
substrate,  and  connected  electrically  through  a  hole.  The  spi¬ 
ral  coil  pattern  and  the  direction  of  electric  current  flow  are 
the  same  on  each  side.  The  planar  coil  and  the  insulating 
layers  were  annealed  in  a  N,  atmosphere  after  screen¬ 
printing  treatment. 

Inductance  was  measured  at  a  frequency  of  500  kHz  and 
a  current,  /„ ,  of  1  mA  with  an  impedance  meter.  Its  super¬ 
imposed  dc  ament  characteristics  were  examined  by  means 
of  superimposing  a  dc  current,  /&.,  of  50-300  mA  with  a  dc 
bias  circuit. 

In  order  to  analyze  the  results  of  the  above  electrical 
characteristics,  amplitude  relative  permeability,  p, ,  and 
maximum  magnetic  flux  density,  Bm ,  of  the  amorphous  alloy 


FIG.  1.  Structure  of  planar  inductor:  (11  substrate  (alumina);  (2)  planar 

spiral  coil  (Cu);  (3)  insulating  layers  (glass);  (4)  magnetic  layers  (amor-  FIG.  2.  Stack  thickness  dependences  of  inductance  measured  at  a  frequency 
phous  alloy  ribbons);  (3)  through  hole;  (6)  lead  terminals.  of  500  kHz  for  Co-based  amorphous  alloy  ribbons  of  different  thicknesses. 
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no.  3.  Frequency  dependence!  of  antplimdc  relative  permeability,  nm ,  for 
amorphous  alloy  ribbon  of  different  thicknesses. 


ribbons  were  measured  on  toroidal  cores.  Amplitude  relative 
permeability,  pi, ,  was  measured  at  a  maximum  magnetic 
field,  Hm,  of  0.4  A/m  with  a  B-H  analyzer  (SY-8232).  Bm 
was  measured  with  a  dc  B-H  tracer. 

HI.  RESULTS  AND  DISCUSSION 

The  inductance  initially  increases  rapidly,  and  then 
gradually  approaches  saturation  as  the  stack  thickness  in¬ 
creases  as  shown  in  Fig.  2.  The  saturation  value  of  the  in¬ 
ductance  increases  with  decreasing  ribbon  thickness.  This 
tendency  is  attributable  to  a  ribbon  thickness  dependence  of 
/*.- 

The  p»,  increases  with  decreasing  ribbon  thickness  as 
shown  in  Fig.  3.  Also,  the  pt,  increases  with  decreasing  fre¬ 
quencies.  These  behaviors  are  related  to  eddy  current  loss.  It 
is  noted  that  the  composition  dependence  of  pi,  is  small  at 
500  kHz. 

In  order  to  analyze  the  results,  we  calculated  the  induc¬ 
tance  using  the  finite  clement  method,  where  an  axis- 
symmetrical  model  was  assumed. 

The  calculated  inductances  increase  with  gradual  ap¬ 
proach  to  saturation  with  an  increase  in  the  product  of  rela¬ 
tive  permeability,  pi„  and  the  thickness  of  the  magnetic  lay¬ 
ers,  r,  as  the  solid  curve  shows  in  Fig.  4,  where  n  denotes 
stack  numbers  of  amorphous  alloy  ribbons.  This  behavior 
probably  results  from  a  demagnetizing  field  effect  within  the 


FIG.  4.  Dependence  of  inductance  on  tbe  product  of  amplitude  relative 
permeability,  p, ,  and  iftbon  thickness,  r. 


Superimposed  dc  current  (mA) 

FIG.  5.  Superimposed  dc  current  characteristics  measured  at  a  frequency  of 
300  kHz  for  Co  baled  amorphous  alloy  ribbons  of  different  rhickneiees 


plane  of  the  magnetic  layers.  The  plotted  data  coincide  with 
the  solid  curve.  The  pt,  used  for  plotting  are  data  from  amor¬ 
phous  alloy  ribbons  wound  on  a  toroidal  core,  which  appar¬ 
ently  contain  the  effect  of  eddy  current  loss  at  high  frequen¬ 
cies.  When  stacking  18.7  pun  thick  Co-based  ribbons,  the 
data  are  a  little  lower  than  the  calculated  values.  This  differ¬ 
ence  is  probably  related  to  tbe  stacking  factor. 

A  dc  current  is  superimposed  on  an  ac  current  when  tbe 
inductor  is  used  as  a  choke  coil  for  storing  magnetic  energy. 
Figure  5  shows  the  superimposed  dc  current  characteristics 
of  inductance  at  500  kHz  in  the  case  of  stacking  a  sheet  of 
different  thicknesses  on  each  side  of  the  planar  coil.  The 
superimposed  dc  current,  at  which  the  inductance  begins  to 
decrease,  increases  with  increasing  ribbon  thickness. 

Now,  Ig0  is  defined  as  the  superimposed  dc  current  cor¬ 
responding  to  an  inductance  Lm  which  decreases  to  80%  of 
an  initial  value.  The  inductance  Lm  is  generally  used  in  the 
safety  design  of  switching  converters.  /80  increases  linearly 
with  increasing  ribbon  thickness  for  Co-based  and  Fe-based 
alloys  but  with  different  slopes  as  shown  in  Fig.  6.  These 
linearities  result  from  the  dependence  of  the  dc  current  char¬ 
acteristics  on  magnetic  fluxes  within  the  plane,  namely,  the 
cross  section  of  the  magnetic  pass,  with  a  constant  ribbon 
size. 

Tbe  stored  magnetic  energy  of  the  inductor  is  calculated 
from  ( l/2)£8(/802.  The  inductor  using  Fe-based  ribbons  can 
store  greater  energy  than  that  using  Co-based  ribbons. 


FIG.  6.  Ribbon  thickness  dependences  of  /N  measured  at  a  frequency  of 
300  kHz. 
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FIG.  7.  Dependence  of  /M  oa  the  product  of  maximum  magnetic  ftux  den- 
f  sity,  Bm  ,  and  ribbon  thickness,  t. 

\ 

|  The  superimposed  dc  cunent  characteristics  are  gener- 

I  ally  known  to  depend  on  the  magnetic  saturation  effect.  We 

j  plotted  the  results  of  /80  versus  the  product  of  the  maximum 

magnetic  flux  density,  Bm ,  and  ribbon  thickness,  t,  as  shown 
|  in  Fig.  7.  The  /80  increases  linearly  with  increasing  Bml.  /80 

;  can  be  predicted  from  this  linearity.  Bm  of  the  Co-based  alloy 

>  is  approximately  0.6  T,  and  that  of  the  Fe-based  is  approxi¬ 

mately  1.2  T.  Magnetization  of  the  magnetic  layers  exhibits  a 
minor  loop  under  the  dc  current  superimposed  condition. 
Strictly  speaking,  the  superimposed  dc  current  characteristics 
depend  on  the  permeability  of  the  minor  loop,  but  macro- 
scopically  depend  on  Bmt. 
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FIG.  8.  Superimposed  dc  current  characteristics  measured  at  a  frequency  of 
500  kHz  for  different  stack  numbers,  n,  of  18.7  fan  thick  Co-based  amor¬ 
phous  alloy  ribbons. 
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FIG.  9.  Stack  Ihirknesa  dependence*  at  /H  measured  ai  frequencies  of  500 
kHz  ( — )  and  50  kHz  (--)  for  Co-based  amorphous  alloy  ribbons  of  different 
thicknesses. 


When  increasing  the  stack  number  n  of  amorphous  alloy 
ribbons,  the  superimposed  dc  current  characteristics  can  be 
improved  as  shown  in  Fig.  8.  But  the  improvement  dimin¬ 
ishes  when  the  stack  number  is  over  3. 

/8 o  increases  with  the  gradual  approach  to  saturation,  as 
the  stack  thickness  increases  at  a  frequency  500  kHz  as 
shown  in  Fig.  9.  The  saturation  value  of  /80  increases  with 
increasing  ribbon  thickness,  and  also  with  decreasing  fre¬ 
quency.  The  dependence  of  /80  on  thickness  and  frequency  is  • 

mainly  related  to  eddy  current  loss  and  the  stacking  factor. 

The  above  results  suggest  that  from  a  practical  viewpoint 
the  use  of  thick  ribbons  as  magnetic  layers  is  preferable, 
particularly  at  high  frequencies. 

IV.  CONCLUSIONS  I 

We  have  clarified  the  relation  between  the  electrical  per¬ 
formance  of  inductors  and  the  properties  of  amorphous  rib¬ 
bon.  We  suggest  that  a  stack  of  thick  ribbons  should  be  used. 

With  respect  to  alloy  composition,  an  Fc-based  alloy  is  more 
favorable. 
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Bending  stresses  and  bistable  behavior  in  Fe-rich  amorphous  wire 
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The  aim  of  this  work  is  to  analyze  for  the  first  time  the  changes  in  magnetic  properties  of  an  Fe-rich 
amorphous  wire  (Fen.sSi7.sB15)  when  it  is  submitted  to  bending  stresses.  Upon  a  reduction  of  the 
radius  of  curvature,  Rc ,  of  the  wire  (i.e.,  increasing  bending  stresses),  the  main  changes  in  the 
magnetic  properties  are  summarized  as  follows:  (a)  Bistable  behavior  disappears  when  reducing  Rc 
below  about  11  cm  but  it  is  again  observed  for  Rc  less  than  about  2.5  cm.  This  latter  effect  is  also 
obtained  for  short  wires  (less  than  around  7  cm)  which  do  not  show  spontaneous  bistability,  (b)  For 
the  case  when  bending  stresses  make  bistability  disappear,  the  susceptibility  increases  more  than  one 
order  of  magnitude  with  regards  to  the  case  of  Instable  wire,  and  parallel  to  the  increase  of 
susceptibility,  a  reduction  of  remanent  magnetization  is  observed.  The  disappearance  and  later 
occurrence  of  the  bistable  behavior  with  increasing  bending  stresses  are  discussed  in  terms  of  the 
tensile  and  compressive  stresses  induced  when  the  sample  is  bent.  The  possibility  of  having  bistable 
wires  with  toroidal  symmetry  is  also  discussed  owing  to  its  interest  for  particular  applications  as 
pulse  generators  with  reduced  size  and  magnetic  switches. 


The  magnetic  bistability  observed  in  highly  magneto- 
strictive  Fe-rich  amorphous  wires  is  a  consequence  of  the 
particular  distribution  of  internal  stresses  frozen  in  during  the 
fabrication  by  the  in-rotating-water  quenching  technique. 
Such  stresses  coupled  to  magnetization  via  the  magnetostric¬ 
tion  constant  determine  two  regions  within  the  wire,  namely, 
a  cylindrical  core  and  an  internal  sheath  having  axial  and 
radial  easy  axes,  respectively.  This  domain  structure  is  re¬ 
sponsible  for  the  square  loops  observed  when  magnetization 
reverses  its  direction  inside  the  core  upon  application  of  an 
ac  axial  field.1 

The  influence  on  bistability  of  tensile,  compressive,  and 
torsional  stresses  has  been  analyzed  in  previous  reports.2"5 
The  aim  of  this  work  has  been  to  present  the  first  results 
concerning  the  influence  of  bending  stresses  on  the  phenom¬ 
enon  of  bistability  in  amorphous  wires. 

Amorphous  wire  with  nominal  composition 
FerjjSivjB,,  and  125  .urn  diameter  was  kindly  provided  by 
UNTTTKA  Inc.  Pieces  of  different  length  (from  3  to  10  cm) 
were  taken  for  magnetic  measurements.  In  order  to  measure 
the  axial  hysteresis  loops,  the  wire  was  inserted  into  a  plastic 
tube  12  cm  long  with  a  2  mm  outer  diameter.  A  primary  coil 
wounded  on  the  tube  supplied  the  ac  axial  field  (18  Hz  in 
frequency)  while  a  pickup  coil  2  mm  wide  and  wound 
around  the  exciting  coil  at  its  center  position  allowed  the 
detection  of  axial  magnetization  by  the  conventional  induc¬ 
tion  technique.  A  second  primary-secondary  set  of  coils  was 
taken  to  compensate  the  changes  of  flux  from  the  air.  The  set 
consisting  of  flexible  tube  with  primary  and  pickup  coils  and 
the  amorphous  wire  can  be  fitted  into  a  ring-shaped  holed 
piece  having  the  possibility  of  taking  different  radius  of  cur¬ 
vature.  In  this  way,  the  axial  hysteresis  loops  were  measured 
as  a  function  of  the  radius  of  curvature. 

Figure  1  shows  the  hysteresis  loops  for  a  10  cm  long 
bent  wire  for  different  radius  of  curvature,  Rc .  For  the  larger 
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radii  of  curvature,  bistability  starts  being  modified  in  the 
sense  of  reducing  the  switching  field  and  remanence  (equiva¬ 
lent  to  the  fractional  volume  of  the  core  or  fractional  mag¬ 
netization  involved  in  the  switching  process).  For  a  radius  of 
curvature  less  than  around  11  cm,  bistability  is  lost.  But  fi¬ 
nally,  for  Rr  around  2  cm  this  phenomenon  is  again  recov¬ 
ered.  The  same  experiments  were  performed  on  short  wires 
which  do  not  show  magnetic  bistability  before  bending.  Nev¬ 
ertheless,  after  reduction  of  the  radius  of  curvature,  bistabil¬ 
ity  can  be  recovered.  It  is  noteworthy  to  remind  that  non¬ 
bistable  short  wires  also  recover  bistability  under  large 
enough  applied  tensile  stress.5 

Figure  2  shows  the  dependence  of  a  coercive  field  on  the 
radius  of  curvature  for  two  wires  6  and  10  cm  long,  respec¬ 
tively.  It  should  be  noted  that  bistable  behavior  is  not  ob¬ 
served  for  intermediate  radius  of  curvature  as  mentioned  pre¬ 
viously.  In  fact,  coercive  fields  larger  than  3  Am"1 
correspond  to  switching  fields  typical  of  squared  loops. 

Figure  3  shows  the  dependence  of  susceptibility  y, 
around  the  remanence,  on  the  radius  of  curvature.  Suscepti¬ 
bility  takes  larger  values  for  the  range  of  bending  stresses  for 
which  bistability  is  lost.  The  observed  decrease  of  suscepti¬ 
bility  in  bistable  loops  should  be  related  to  its  reduced  num¬ 
ber  of  domain  walls  and  to  the  stronger  forces  that  pin  those 
walls.  Parallel  to  the  increase  of  x,  a  drastic  reduction  of  the 
remanence  is  observed  which  is  associated  to  the  disappear¬ 
ance  of  bistability. 

The  modification  of  the  magnetic  parameters  shown  in 
the  preceding  section  has  to  be  related  to  the  magnetoelastic 
anisotropy  induced  by  bending  stresses.  In  order  to  analyze 
more  quantitatively  that  modification,  we  have  calculated 
bending  stresses  according  to  the  classical  theory  of 
elasticity.6  When  a  cylinder  is  bent,  a  shear  stress,  <r„ ,  and 
the  stresses  <rf,  <rz ,  and  ax  are  induced  where  the  8  axis  is 
parallel  to  the  axis  of  the  wire,  the  x  axis  is  perpendicular  to 
8  axis  within  the  plane  of  bending,  and  the  z  axis  is  perpen¬ 
dicular  to  this  plane.  These  stresses  are 
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FIG.  I.  Axial  hysteresis  loops  for  a  10  cm  long  wire  under  different  radii  of  curvature:  (a)  13  cm,  (b)  7  cm,  (c)  1  cm 
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^,Z)=-  [(g-MOp-Mp2)*2 


[r*  8(l  +  r-)Rc  1 

-(6k+4i^)z2  — (2+  v)] 


,  ,  £(r*)2(l  +  2v) 

4Ri(l  +  v)  zx. 


2  £(r*)2 

~ rT-’ 


where  r*  and  Rf  are  the  radius  of  the  wire  and  that  of  the 
curvature,  respectively,  and  £  and  v  are  the  moduli  of  Young 
(£=1.62X10“  Pa)  and  Poisson  (>>=0.3).  The  coordinates 
x=(Rc- p)lr'  and  z  =  £/r*  are  dimensionless  being  p  and 
f,  the  radial  and  axial  coordinates,  respectively,  in  a  system 
with  the  reference  placed  in  the  center  of  curvature  with  the 
£  axis  perpendicular  to  the  plane  of  bending  (in  such  a  sys¬ 
tem  the  axis  of  the  wire  has  coordinates  x=0  and  z= 0). 

Figure  4(a)  shows  the  dependence  of  tr,  with  the  dis¬ 
tance  to  the  neutral  fiber  for  z=0  (i.e.,  the  plane  parallel  to 
that  of  bending  and  containing  the  axis  of  the  wire).  As 
known,  positive  (tensile)  and  negative  (compressive)  stresses 
are  obtained.  Similar  behavior  is  found  for  z  different  from 
zero.  In  Fig.  4(b),  the  variation  of  the  rest  of  the  stresses  is 


FIG.  2.  Coercive  field  89  a  funedoo  of  tbe  radius  of  curvature  for  wires  with  FIG.  3.  Dependence  of  susceptibility  at  the  remanence  on  the  radius  of 
different  lengths:  (O)  10  cm  and  (+)  6  cm.  curvature  for  wires  with  different  lengths:  (O)  10  cm  and  (+)  6  cm. 
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FIG.  4.  Dependence  of  the  axial  stress  aa  in  the  surface  of  the  wire  on  tne 
radius  of  curvature,  (a)  Shows  the  dependence  of  o6  on  the  distance  to  the 
neutral  fiber  in  a  plane  parallel  to  that  of  bending  and  containing  the  axis  of 
the  wire,  for  a  radius  of  curvature  =5  cm,  being  '  Tt  p  (see  text),  (bl 
Shows,  for  the  same  parameters,  the  dependence  of  at: .  a, .  and  rr.  on  the 
distance  to  the  neutral  fiber,  (c)  Shows  the  coordinate  system  considered. 


also  plotted.  Comparison  of  results  from  both  insets  indicates 
that  only  in  a  small  region  close  to  the  neutral  liber  does  <r# 
takes  values  comparable  to  those  of  the  other  stresses.  Con¬ 
sequently,  only  t Te  stresses  will  be  considered  in  the  follow¬ 
ing.  In  Fig.  4  the  maximum  ir„  values  (obtained  at  the  surface 
of  the  wire,  r/r*  =  - 1  being  r  =  Rc-p)  for  the  plane  2=0, 
are  plotted  as  a  function  of  the  radius  of  curvature. 

According  to  Fig.  4,  we  can  consider,  only  in  a  first 
approximation,  that  the  bent  wire  is  subjected  exclusively  to 
the  tensile  and  compressive  axial  stresses  for  the  regions  of 
the  wire  with  convex  and  concave  curvatures,  respectively. 
The  induced  magnetoelastic  anisotropy  exhibits  easy  axis 
which  is  either  parallel  or  transverse  to  the  axis  of  the  wire 
depending  on  the  curvature. 

Bistable  magnetic  behavior  is  a  consequence  of  the  par¬ 
ticular  distribution  of  the  intrinsic  magnetoclastic  anisotro¬ 
pies  in  magnetostrictive  wires  which  give  rise  to  the  coaxial 
core  with  axial  easy  axis  and  the  shell  with  radial  easy  axis 
for  Fe-rich  wires.1  Upon  application  of  bending  stresses, 
each  half  cross  section  of  the  wire  is  submitted  to  tensile  and 
compressive  axial  stresses,  respectively,  so  that  there  will  be 
a  competition  between  intrinsic  and  applied  stresses.  As  a 
consequence  of  that,  for  increasing  bending  stresses  (de¬ 


creasing  radius  of  curvature),  the  initial  core  will  decrease  its 
volume  or  even  disappear  and  a  multidomain  structure  will 
be  present.  On  the  other  hand,  a  part  of  the  shell  will  rein¬ 
force  its  transverse  easy  axis,  while  in  the  other  half,  there 
will  be  a  counterbalance  between  compressive  and  tensile 
stresses.  Accordingly,  for  a  relatively  large  radius  of  curva¬ 
ture,  the  initial  coaxial  core  is  probably  destroyed  and  half  of 
the  shell  decreases  its  magnetoelastic  energy  constant  with 
both  effects  inducing  a  magnetic  softening  of  the  material. 
This  is  the  origin  for  the  observed  increase  of  the  initial 
susceptibility  and  decrease  of  the  coercivity. 

For  the  largest  bending  stresses  obtained  when  the  radius 
of  curvature  is  decreased  below  3  cm,  bistable  behavior  is 
observed  again  and  susceptibility  drops  very  quickly.  In  this 
case,  bistability  should  be  ascribed  to  the  appearance  of  an 
eccentric  core  with  axial  easy  axis  generated  by  the  tensile 
stress  of  the  convex  region  of  the  wire.  In  the  residual  vol¬ 
ume  of  the  wire,  magnetization  would  lie  transversely  as  a 
consequence  of  the  compressive  bending  stresses. 

The  appearance  of  magnetic  bistability  in  Fe-rich  bent 
wires  for  short  enough  radii  of  curvature,  allows  the  design 
of  reduced  size  pulse  generator  elements.  In  such  devices  the 
exciting  circular  field  that  causes  the  magnetization  reversal 
within  the  wire  can  be  generated  by  an  electrical  current 
flowing  through  a  conductor  wire  perpendicularly  piaced 
across  the  plane  formed  by  the  bent  sample.  In  this  way,  a 
sharp  voltage  pulse  is  detected  in  a  pickup  coil  wound 
around  a  certain  point  of  the  bent  sample,  when  a  critical 
current  flows  through  the  conductor  wire.  Therefore,  this 
configuration  can  be  used  to  build  sharp  pulse  generator  de¬ 
vices  and  magnetic  switches  of  reduced  size. 
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Relaxation  in  magnetic  contlnua 

V.  L.  Sobolev,  I.  Wik,  C.  R.  Chang,  and  H.  L.  Huang 

Department  of  Physics,  National  Taiwan  University,  Taipei,  Taiwan,  Republic  of  China 

Within  a  recently  developed  axiomatic  formalism  for  construction  of  stochastic  field  equations  of 
motion  a  new  form  of  the  equation  for  damped  dynamics  of  magnetization  in  ferromagnets  is 
proposed.  It  takes  into  account  spatially  inhomogeneous  dissipation  due  to  exchange  interactions 
and  replaces  the  customary  dissipation  constant  (due  to  relativistic  effects)  by  a  dissipation  operator. 
This  operator  is  constructed  here  by  comparison  of  the  resultant  phenomenological  spin  wave 
spectra  with  results  of  microscopic  calculations.  Dynamic  description  of  relaxation  of  the  modulus 
of  magnetization  is  discussed. 


A  consistent  description  of  the  damped  dynamics  of  the 
magnetization  vector  M(r,r)  in  magnetic  continua  is  a  prob¬ 
lem  of  considerable  theoretical  and  practical  interest,  yet,  to 
date,  possibly  due  to  the  difficulty  of  solving  the  resultant 
equations,  relatively  little  effort  has  been  devoted  to  a  gen¬ 
eralization  of  the  original  Landau-Lifschitz-Gilbert'-2 
(LLG)  theory  which  is  distinguished  by  the  presence  of  a 
single  dissipation  constant  e.  In  a  recent  significant 
development,3  however,  Bar’yakhtar  (Ref.  4  provides  a  sum¬ 
mary  of  his  theory)  argued  that  the  observed  discrepancy 
between  the  value  of  e  deduced  experimentally  from 
domain-wall  drag  and  from  ferromagnetic  resonance  (e  is 
here  much  smaller)  is  due  to  spatially  inhomogeneous  dissi¬ 
pative  processes.  He  derived  an  equation  of  motion  for  mag¬ 
netization  in  which  dissipative  strength  depends  not  only  on 
the  vector  M  proper,  but  also  on  its  spatial  derivatives  and 
then  recovered  the  exchange  approximation  expression  for 
spin  wave  damping  which  cannot  be  obtained  from  the  LLG 
theory. 

Dissipative  forces,  however,  are  invariably  associated 
with  randomly  fluctuating  thermal  fields  whose  combined 
action  drives  the  system  in  question  towards  the  stationary 
state  of  thermal  equilibrium.  The  existence  of  this  stationary 
state,  neglected  by  Bar’yakhtar,  can  only  be  included  in  the 
phenomenological  theory  within  the  framework  of  stochastic 
differential  equations  (SDE,  see,  e  g.  Ref.  5).  To  every  SDE 
one  may  then  construct  a  (Stratonovich)  Fokker-Planck  op¬ 
erator  and  one  demands  that  its  stationary  state  is  thermal 
equilibrium. 

We  have  recently  derived6  such  a  phenomenological 
SDE  for  damped  magnetization  dynamics  in  continua  using  a 
real  time  modification  of  the  celebrated  Caldeira-Leggett 
formalism.7  In  this  stochastic  field  theory  the  dissipation  con¬ 
stant  is  replaced  by  a  dissipation  operator  constructed  in  such 
a  way  as  to  satisfy  a  generalized  fluctuation-dissipation  (FD) 
theorem  which  guarantees  that  thermal  equilibrium  is  the 
stationary  state  of  the  corresponding  Fokker-Planck  equa¬ 
tion.  It  is  easy  to  write  down  a  phenomenological  equation  of 
motion  which  has  a  given  spatial  symmetry,  but  the  dissipa¬ 
tive  operator  is  not  a  priori  known  and  must  be  reconstructed 
a  posteriori  by  comparison  with  microscopic  theory  and  ex¬ 
perimental  data  on  spin  wave  dispersion.  Here  we  carry  out 
this  program  for  the  special  case  of  an  easy  axis  ferromagnet 
and  then  also  discuss  the  more  complicated  easy  plane  model 
of  high  degeneracy. 


In  Ref.  6  we  proposed  that  the  damped  dynamics  of 
magnetization  be  described  by  the  equation 

M,=  7oMx[-Hm— A2  ^M,],  (1) 

where,  for  simplicity,  we  omitted  the  stochastic  (noise)  terms 
irrelevant  to  the  present  analysis  of  damped  dynamics.  In  this 
equation  M ,=<M/<Jr,  (Jff  is  the  Hamiltonian), 

y0  is  the  gyromagnetic  ratio,  and  A;  ,  is  the  above  mentioned 
dissipation  operator  which  replaces  here  the  familiar  Gil¬ 
bert’s  dissipation  constant  eg.  In  general  A2,  may  be  an 
operator  in  both  the  magnetization  components  M,  and  the 
spatial  variable  r.  In  our  previous  study6  we  used  the  simple 
form  A,  ,=  e'J2-  r/gA  where  A  is  the  Laplacian  and  r)g  is  a 
newly  introduced  dissipation  constant  associated  with  propa¬ 
gation  of  inhomogeneities  through  the  medium.  By  construc¬ 
tion  the  magnitude  of  magnetization  remains  conserved.  This 
assumption  is  not  altogether  justified  and  we  shall  return  to  it 
in  our  concluding  remarks.  Equation  (1),  however,  is  but  a 
special  case  of  a  more  general  class  of  equations,  to  wit 

M,=  y,MX[-tfM-A2/,],  (2) 

where  A,,  is  a  symmetric  tensor  (a  3X3  matrix)  and  the 
components  of  the  vector  f  are  polynomials  in  Af(,)  of  de¬ 
sired  spatial  symmetry.  It  can  be  shown6,8  that  the  stochastic 
version  of  Eq.  (2)  describes  evolution  towards  thermal  equi¬ 
librium,  however,  in  the  underdamped  limit  only.  The  gen¬ 
eral  form  of  this  equation,  valid  for  any  dissipation  strength 
remains  unknown. 

We  shall  assume  here  that  f=M  and  find  a  scalar  opera¬ 
tor  such  that  the  damped  system  described  by  Eq.  (1)  not 
only  goes  to  thermal  equilibrium  (which  must  be  the  station¬ 
ary  value  of  the  Fokker-Planck  operator  associated  with  the 
stochastic  equations  of  motion)  but  also  yields  the  correct 
dispersion  relation  for  damped  spin  waves  in  a  uniaxial  fer¬ 
romagnet. 

Let  us  first  consider  the  simplest  microscopic  model  of  a 
ferromagnet  with  uniaxial  anisotropy.  The  Hamiltonian  may 
be  written  in  the  following  form: 

J<SrS*)~  *2  (Sj‘>)2 

L  l,m  *  I 

-g/tjflo-X  S ,,  (3) 
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where  ./(£,„)  is  an  exchange  integral,  K  is  the  anisotropy 
constant,  g  is  the  g-fector,  is  the  Bohr  magneton,  and  the 
sum  is  taken  over  all  lattice  sites.  The  quantization  procedure 
for  this  Hamiltonian  is  described,  for  example,  in  Ref.  9. 
Within  this  model,  in  the  case  of  the  so-called  easy  axis  type 
of  magnetic  anisotropy  (i.e.,  if  in  the  absence  of  external 
magnetic  field  magnetization  is  parallel  to  the  easy  axis)  the 
expression  for  the  spin  wave  spectrum  has  the  simple  form 

£1H,(k)=£0+D*2,  (4) 

where  *=|k|  is  the  wave  vector  modulus.  Further, 
E0:=EA+EHv/ithEA=SK=y0HA  (y0 =  g/fa  and  ft=l)  and 
Eh  =  YoH0  being  the  anisotropy  and  Zeeman  energy  terms, 
respectively.  The  exchange  stiffness  constant  is  D—SJ^a1 
where  S  is  the  spin  of  an  ion,  a  is  lattice  constant,  and 
y(0)-./(kW0<<i*)2  in  the  long  wavelength  approximation 
ak<t  1.  It  is  common  practice  to  consider  also  the  limiting 
exchange  approximation  in  which  one  sets  EA—>  0  and 
£H— 0  so  that  the  spin  wave  spectrum  (4)  takes  on  the  form 
esw(k)=Dk2.  Spin  wave  damping10  may  then  be  represented 
as 


y^(k)  =  (a*)4 


3<« 

(2ir)3S2 


I  T\ 2 .  ,[  T 

U) 


(5) 


where  8C=SJ0  for  brevity.  Thus,  in  the  long  wavelength 
limit  the  k  dependence  of  the  spin  wave  spectrum  and  damp¬ 
ing  should  be  rJlv(k)<*A4  and  E,w(k)*k2,  respectively.  These 
results  are  of  primary  importance  to  test  the  correct  choice  of 
the  relaxation  term  in  the  phenomenological  equations  for 
damped  dynamics  of  magnetization.  Let  us  again  recall  that 
we  also  demand  that  the  stochastic  form  of  these  equations6 
leads  to  the  state  of  thermal  equilibrium.  In  the  case  of  an 
easy  axis  ferromagnet,  for  example,  our  Eq.  (3),  the  spin 
wave  damping  is  determined  by  a  process  of  four  magnon 
interaction.  It  may  be  described  by  the  Hamiltonian  (see, 
e.g..  Refs.  9  and  11) 


H&=  2  'Ir(l,2;3,4)C]+C2  c3c4A(k!+k2-k3-k4) 

1.2.3, 4 


-t-H.c. 


(6) 


in  which  i =Iq ,  the  summation  is  carried  out  over  the  wave 
vectors  of  individual  magnons,  and 


¥(1,2;3,4)  = 


1 

2SN 


1 

2  D(ki  k2+k3-k4)+£A 


(7) 


The  resultant  expression  for  spin  wave  damping  within  this 
model  (assuming  i— * 0)  has  the  simple  form 


(8) 


Dipole-dipole,  magnetoelastic,  and  other  interactions  are  ne¬ 
glected. 

The  problem  now  is  to  find  such  a  tensorial  operator  A2  v 
and  vector  f  in  Eq.  (2)  such  that  the  resultant  phenomeno¬ 
logical  equations  of  motion  are  compatible  with  Eqs.  (4),  (S), 
and  (8)  derived  microscopically.  For  simplicity  we  consider 
here  Eq.  (1)  only,  i.e.,  we  assume  that  f=M  and  that  the 


dissipation  operator  is  a  scalar  quantity.  The  phenomenologi¬ 
cal  counterpart  of  Eqs.  (4)  and  (S)  is  then  obtained  if  one  sets 

A*,=J/_lyj  l*2a=Af'1yo1(itr-Kua2A),  (9) 

where  M=[M(r,/)|=const.  The  dimensionless  operator  k,m 
combines  the  relativistic  and  exchange  contributions  to  dis¬ 
sipation  and  yields 

y1J*,(k)  =  (£o+D*2)(-tr+*ela2*2),  (10) 


where  E0=EA  +  E„ .  for  the  dissipative  part  of  the  spin  wave 
spectrum.  Cr  omenological  expression  (10), 

inwhich,  ini  ,  loximation,  we  must  set  Kr=0, 

with  the  microscopic  result  (5)  we  identify 


3 

*“~(2 7pS* 


(ID 


Beyond  the  exchange  approximation,  with  EA^0,  a  com¬ 
parison  of  Eqs.  (10)  and  Eq.  (8)  yields 


E\T2 

~S2£„0? 


(12) 


The  foregoing  results  show  that  for  an  easy  axis  ferro- 
magnet  it  is  possible  to  reconcile  the  demands  of  micro¬ 
scopic  and  phenomenological,  thermodynamic  theories.  So 
far,  however,  we  have  not  succeeded  in  carrying  out  this 
program  for  the  highly  degenerate  case  of  an  easy  plane 
ferromagnet.4  In  this  case,  namely,  the  dissipative  operator 
and  the  vector  f  cannot  be  chosen  to  be  isotropic,  as  was 
conveniently  done  here,  but  their  choice  must  reflect  the  easy 
plane  symmetry.  This  is  a  somewhat  intractable  problem 
since  the  theory  then  contains  two  nontrivial  quantities  to  be 
determined  ad  hoc,  the  vector  f  and  the  dissipation  operator 
A2,.  We  have  little  doubt,  however,  that  a  consistent  theory 
of  a  uniaxial  (both  easy  plane  and  easy  axis)  ferromagnet  is 
feasible  within  the  proposed  formalism  of  Eq.  (2)  which 
should,  in  principle,  also  allow  to  develop  phenomenological 
models  of  even  more  complicated  dissipative  couplings.8 

In  deriving  Eqs.  (1)  and  (2)  we  assumed  that  |M(r,r)|=Af 
= const.  This  assumtion  allowed  us  to  introduce  a  conjugate 
pair  of  action  angle  variables6  and  to  write  down  canonical 
equations  of  motion.  Problems  arise  if  the  above  condition  is 
violated  and  the  rapid  relaxation  of  M  towards  its  equilib¬ 
rium  value  is  incorporated  into  a  theory  which  then  contains 
three  dynamical  variables  (the  components  M ,),  rendering 
the  canonical  formalism  inapplicable.  By  the  study  of 
Callen12  the  relaxation  of  the  magnetization  modulus  is  re¬ 
lated  to  the  number  of  magnons  with  nonzero  k  vector  and 
we  expect  that  the  missing  dynamical  variable  is  related  to  a 
collective  effect  in  this  system. 
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Generalized  equations  for  domain  wall  dynamics 
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Generalized  domain  wall  dynamic  equations  have  been  derived.  The  influence  of  the  external 
magnetic  field  normal  to  the  anisotropy  axis  on  the  critical  parameters  of  the  domain  wail  motion 
has  been  studied  and  illustrated. 


I.  INTRODUCTION 

The  phenomenological  analysis  of  domain  wall  (DW) 
dynamics  is  typically  based  on  the  Landau-Lifshitz-Gilbert 
(LLG)  equation  which  enables  to  consider  different  types  of 
magnets  and  take  into  account  various  interaction  both  be¬ 
tween  the  internal  subsystems  of  the  crystal  and  with  the 
external  field.1'8  Rigorous  mathematical  analysis  is  limited 
to  the  simplest  models4  which  of  course  do  not  provide  a 
complete  description  of  real  situations,  while  the  approxi¬ 
mate  approaches  have  proved  to  be  fruitful  for  the  investiga¬ 
tion  of  the  DW  dynamics.  I~3'8'8  The  approximation  for  theo¬ 
retical  investigations  of  the  DW  dynamics  in  ferromagnets 
usually  is  to  assume  high  values  of  the  material  quality  factor 
Q*>l(Q=K/2irM2;  AT  is  the  uniaxial  anisotropy  constant, 
and  M  is  the  spontaneous  magnetization).  This  approxima¬ 
tion  allows  to  neglect  any  change  of  the  DW  structure  during 
its  movement.  However,  the  account  of  these  changes  is  of 
principal  importance  especially  for  the  case  of  Qs*  1  and  the 
investigation  of  the  DW  movement  under  the  action  of  mag¬ 
netic  field  normal  to  the  anisotropy  axis. 

In  this  article,  generalized  Slonczewski-type  equations 
describing  the  movement  of  an  isolated  DW  in  the  presence 
of  an  external  magnetic  field  normal  to  the  anisotropy  axis 
are  obtained.  For  symmetric  orientations  of  the  in-plane 
field,  namely,  parallel  and  normal  to  the  DW  plane,  the  equa¬ 
tions  are  applicable  to  any  materials  with  Qst.  For  arbitrary 
orientations  of  the  in-plane  field,  the  equations  are  limited  to 
Q*>  1  materials  only.  Using  these  equations  the  analysis  of 
the  in-plane  field  influence  on  the  DW  dynamics  and  its  criti¬ 
cal  parameters  has  been  carried  out. 

II.  DERIVATION  OF  THE  EQUATIONS 

Consider  an  isolated  DW  wall  in  a  ferromagnet  with  a 
uniaxial  anisotropy  along  the  z  axis.  The  DW  plane  coincides 
with  the  x-z  plane  and  the  y  axis  is  along  the  DW  move¬ 
ment  direction.  The  energy  density  of  the  system  may  be 
written  as  follows:1 

WDW=2irA/2{A&[iV2-i-sin2  iV2]-t-Q  sin2  fl+ 

-2A,  sin  d  ms(ip- ip^  +  W^+W^.  (1) 

Here  A B  is  the  Bloch  DW  width;  i?  and  <p  are  the  polar  and 
azimuthal  angles  of  the  magnetization  vector 
M=Af{sin  fl  cos  <p,  sin  fl  sin  <p,  cos  A},  the  anisotropy  axis  is 
taken  to  be  the  polar  one.  In  the  one-dimensional  problem 
under  consideration  the  and  <p  angles  depend  only  on  time 


'^Permanent  address:  Institute  for  Single  Crystals  of  the  Academy  of  Sci¬ 
ences  of  Ukraine,  Kharkov,  310001  Ukraine. 


and  coordinate  y  normal  to  the  DW;  h,  =  H,/4irM  is  the 
dimensionless  external  field  applied  in  the  x-y  plane, 
H  ,=H,( cos  4>h  >  sin  4>h,  0);  is  the  energy  density  de¬ 
scribing  the  interaction  of  the  system  with  the  drive  field 
applied  along  the  anisotropy  axis 

Wdt=-2irW2{2A,cos  d}, 

where  h|=//,/4irA#;  is  the  demagnetization  energy 
density.  Following  Slonczewski1  we  will  consider  in  the 
form 


where  the  demagnetization  field  H„  satisfies  the  equations 

curl  H„=0,  div(H„  +  4-rrM)  =  0. 

In  our  case  of  the  infinite  medium  the  sample  surface  is  not 
important.3  In  order  to  solve  these  equations  we  restrict  our¬ 
selves  to  the  DW  on  the  surface  of  which  the  condition  of  the 
continuity  of  the  normal  component  of  magnetization  is  sat¬ 
isfied 

(M,n)  =  (M2n), 

where  n  is  the  normal  to  the  DW,  and  M, ,  M2  are  the  mag¬ 
netization  vectors  of  neighboring  domains.  The  expression 
for  the  magnetic-dipole  energy  density  may  be  represented  as 
follows: 

W,md=2-irAf2(sin  A  sin  <p-sin  fl0  sin  d>H)2. 

Here  is  the  polar  angle  of  the  magnetization  inside  the 
domain.  The  equations  for  the  determination  of  the  magneti¬ 
zation  angles  inside  domains  obtained  via  the  variation  of  the 
corresponding  energy  density  have  the  form 

Q  sin  f>0  cos  cos  ®o+*i  sin 

,  (2) 

In  the  DW  dynamic  problems  Hz,  as  a  rule,  is  much  smaller 
than  4 irM  (A||<*  1 )  and,  as  a  result,  the  asymmetry  of  the 
solutions  of  Eq.  (2)  inside  domains  will  also  be  small.  The 
static  DW  structure  can  be  obtained  via  the  variation  of  Eq. 
(1).  The  boundary  conditions  for  the  equations  describing  the 
distribution  of  the  magnetization  in  the  DW  are  as  follows: 


fl0.  at  y— t-oo 

at  y— >  +  a>. 


<p(y)=il>H  as  y— *  —  ®. 
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where 


For  the  two  symmetric  orientations  of  the  in -plane  field, 
(frH=0  (parallel  to  the  DW)  and  +H=irl2  (normal  to  the 
DW),  the  static  DW  structure  has  the  form8 


sin  d=sin  d0  + 


cos2  d0 

cosh  f+sin  d0  ’ 


l=y/A0 


(3) 


in  which  for  0  the  DW  width  is  A0=Afl/cos  fl0,  and  for 
d'H= ir/2,  &o=\N/cos  d0,  where  Aj=GAj/(0  + 1)-  Note 
that  in  the  case  of  the  in-plane  field  normal  to  the  DW, 
drr-rr/2,  the  solution  (3)  is  realized  for  H,>8M.  It  is  nec¬ 
essary  to  emphasize  that  these  solutions  are  exact,  in  the 
sense  that  they  are  obtained  without  malting  any  approxima¬ 
tions  for  arbitrary  values  of  the  Q  parameter.  In  the  case  of 
the  arbitrarily  oriented  in-plane  field  one  can  use  Eq.  (3)  for 
the  static  DW  structure  relying  on  the  approximation  Q>  1 . 

We  express  the  LLG  equation  in  spherical  coordinates 
and  assume  that  the  moving  DW  centered  at  q(t)  has  the 
same  DW  structure  as  described  by  Eq.  (3)  in  which  it  is 
necessary  to  substitute  f-»u  =  [y-q(r)J/A(r)  and  for  azi¬ 
muthal  angle 


y>(y,l)  =  d>H+  t/i(t){U(u  +  ir/2)-  U(u-  ir/2)}.  (4) 

Here  A (r)  is  the  time  dependent  DW  width  which  now  has  to 
be  determined  from  the  minima  condition  for  the  DW  en¬ 
ergy;  l/(u)  is  a  symmetric  step  function.  The  distinction  of 
our  choice  of  <p(y,t)  from  the  one  used  in  Ref.  6  for  the 
approximate  analysis  of  the  DW  motion  is  that  we  consider 
the  angle  f(y,t)  as  coordinate  dependent  within  the  interval 
-(ir/2)A«y-q(r)=s(ir/2)A,  corresponding  to  an  effec¬ 
tive  DW  width  ttA.  The  choice  Eq.  (4)  can  be  regarded  as 
justified  if  at  the  same  time  for  self-consistcncy  sake  we 
demand  that 


f>(«=  -  ir/2,r)  =  #0,  0(«=  ir/2,r)  =  ir-d0. 

The  prescription  given  above  fulfills  or'  the  inequalities 
|  i/>- 1/<  '|k»|A- A~'|  and  |A|<S|<?]  during  the  -vail  movement. 

The  equations  for  the  DW  motion,  derived  in  the  same 
way  as  in  Ref.  1,  now  have  the  form 

<?-<*A  tf>=  A« »„{/(  «0)sin(  ^h)cos(  ilr+i/tH)+g{d  0) 

X[h,  sin  i/t—  sin  sin  i/ih  cos^-l- <!<„)]},  (5) 

iM  +  a<jr(fl0)  =  AftiMA||,  (6) 

where  ajM=4iryAf,  a  is  the  Gilbert  phenomenological  pa¬ 
rameter  describing  the  viscous  damping,  and  /( #o),#(  f>o), 
and  r(  d0)  are  given  by 

/(t»0)  =  [ir  sin2  O0  +  2  cos2  d0  -sin  d0  cos  O0 
x(ir- 2{f0)]/2  cos  fl0, 

S(0o)  =  [,r  s>n  #o+cos  ^o('n'_2do)]/2  cos  d0,  * 

r(#o)  =  [2  cos  ff0-sin  d0(ir-2d0)]/2  cos2  d0. 

The  time  dependent  DW  width  A(f)  is  determined  by  the 
expression 

A2  =  A  }Qr(0o)/n[&o,t(t)],  (8) 
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"[  >|K»)]  =  [G  +  sin2(  dr+  #«)]/(  d„)  -  2g(  d0) 

x[A,  cos  p+sin  d0  sin  iH  sin(^r+tkH)] 

-  irtgdolQ  sin  d0- 2h,  +  sin  d0  sin2^H]/2. 

(9) 

These  equations  allow  to  consider  the  DW  movement 
under  the  action  of  an  in-plane  field  varied  from  zero  up  to 
the  anisotropy  field. 

HI.  INFLUENCE  OF  THE  IN-PLANE  FIELD  ON  THE  DW 
MOVEMENT 

The  influence  of  an  in-plane  field  on  the  steady  state  DW 
movement  has  been  already  considered.8  Here  we  will  con¬ 
sider  the  DW  movement  under  the  action  of  the  drive  field 
exceeding  the  Walker  critical  field  Hw=2iraM  and  for  a 
particular  case  in  which  the  in-plane  field  is  parallel  to  the 
DW  (^rH=0).  Ftpm  Eqs.  (5)  and  (6)  we  have 

<umA 

uTf&'WZj {ahifi *°)+*( *«)h' sin  * 

+/(d0)s<n  ll'cos  0},  (10) 

A 

sin  * 

—  arr(d0)/(f>0)sin  ip  cos  #.}.  (11) 

As  was  already  done  in  Ref.  8  let  us  take  the  data  from  a 
uniaxial  ferromagnet  with  the  composition 
(Eu,  7Yb,  3)Fe50I2  for  numerical  analysis.  This  material  has 
the  following  parametere:9 

4irAf  =  1450  G;  K„  =  0.176X  10s  etgcnT5; 

0  =  2.1;  1  =  0.062  /urn; 

y=1.64xl07  Oe  1  s  ’;  o=0.061. 

Here  I=(7dw/47tM2  is  the  material  characteristic  length  and 
trDW  is  the  DW  energy  density  rrDW=4  \IAKU.  The  values  of 
the  anisotropy  field  and  the  Walker  critical  field  ere 
Hk= 3.45  kOe  and  //„ ,=44.2  Oe,  respectively. 

The  analysis  shows  that  the  DW  motion  has  an  oscilla¬ 
tory  character.  The  time  intervals  during  which  the  DW 
moves  with  a  positive  value  of  the  velocity  increase  with 
increasing  the  in-plane  field.  As  a  result  the  average  DW 
velocity  increases  with  the  in-plane  field.  At  certain  value  of 
the  in-plane  field  this  regime  of  the  DW  movement  changes 
from  the  oscillatory  state  to  the  steady  state.  For  example, 
take  an  initial  drive  field  //r=50  Oe,  the  change  in  the  re¬ 
gime  of  the  DW  motion  takes  place  at  Hx= 88  Oe.  For  higher 
starting  values  of  the  drive  field  the  changes  in  the  regime  of 
the  DW  motion  take  place  at  still  higher  values  of  the  in¬ 
plane  field.  Thus,  the  presence  of  an  in-plane  field  leads  to 
the  increase  of  the  Walker  critical  field.  To  study  the  situation 
more  detailedly,  we  carried  out  a  numerical  experiment.  We 
chose  one  particular  value  of  the  in-plane  field  and  carried 
out  the  numerical  calculations  of  the  time  dependence  of  the 
DW  velocities  for  different  drive  fields,  looking  for  the  mo- 


-tucjSl  . 
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FIG.  1.  The  dependence  of  the  reduced  Welker  critical  field,  kw  on  the 
in-plane  field.  ht . 


men!  at  which  the  change  in  the  regime  of  the  motion  takes 
place.  Doing  so  we  obtained  the  different  values  of  the  criti¬ 
cal  drive  field  (Walker  critical  fields)  for  the  different  values 
of  the  in-plane  field  hx  parallel  to  the  DW,  varying  in  a  small 
interval  from  0  to  0.3.  The  result  shows  that  the  dependence 
of  the  Walker  critical  field  on  the  in-plane  field  is  practically 
linear  over  the  small  in-plane  field  interval  examined. 

Our  equations  allow  to  obtain  the  dependencies  of  the 
critical  parameters  of  the  DW  movement  over  a  wide  interval 
of  the  in-plane  field  variation.  To  illustrate,  it  is  necessary 
first  to  determine  the  critical  value  of  the  azimuthal  angle, 
i/i  a,  corresponding  to  the  moment  of  the  change  in  the  re¬ 
gime  of  the  DW  motion.  As  was  shown  in  Ref.  5,  the  critical 
value  of  the  azimuthal  angle  of  the  magnetization  (^CT=ir/ 4 
at  A,=0)  corresponds  to  HZ=HW,  and  that  the  derivative  of 
the  azimuthal  angle  with  respect  to  the  drive  field  tends  to 
infinity  at  HZ=HW.  We  use  the  condition  to  obtain  the  de¬ 
pendence  of  ipa(h,).  The  derivative  of  the  azimuthal  angle  of 
the  magnetization  with  respect  to  the  drive  field  may  be  ob¬ 
tained  from  Eq.  (11)  in  which  ylt=0  (steady  state  DW  mo¬ 
tion).  The  condition  that  d(fr,.,(h,)/dA|-»oo  is  equivalent  to 
the  relation 

/(ff0)cos  20„+g(do)A,  cos  </ta=0.  (12' 

To  obtain  the  dependence  of  the  critical  azimuthal  angle  :n 
the  in-plane  field,  on  has  to  solve  the  above  equ» 

tion  together  with  Eq.  (2)  in  which  hf  =  ahw{h,,-d0)/2, 
where  hw(d0,h,)=Hw(h, ,  dtl)/Hw  is  reduced  Walker  criti¬ 
cal  field.  The  expression  for  h  d0 ,  A,)  may  be  easily  ob¬ 
tained  from  Eq.  (11) 

*w(#o,*,) 

~2r(d0)  ^/W008  ^cr+g(^o)*.]sUl  ‘/'cr  (13) 

and,  as  a  result,  we  get 
Q  sin  ff0  cos  do~hr  cos 

“  -ar(ff0)sin  ff0(/(ff0)sin  cos  if/a 

+g(#o)*<  sintiy.  (14) 

From  the  substitution  of  the  (numerical)  solutions  for  i/>a(h,) 
and  ff„(A,)  from  the  system  of  Eqs.  (12)  and  (14)  into  (13) 


FIG.  2.  The  dependence  at  the  reduced  \*Wker  critical  velocity  u  *<*,),  oo 
the  in-plane  field*  h, . 

we  are  ready  to  obtain  the  in-plane  field  dependence  of 
Walker  critical  field  Ag^A,).  A  salient  feature  of  the  depen¬ 
dence  is  shown  in  Fig.  1.  Note  that  hw  varies  linearly  with  A, 
at  small  A,  (in  agreement  with  the  above  numerical  experi¬ 
mental  results),  but  saturates  at  large  values  of  A, .  The  in¬ 
plane  field  dependence  of  the  Walker  critical  velocity  may  be 
obtained  in  conjunction  with  Eq.  (10)  and  is  given  by 

V(2(20+l)r(fljJ 

vw(h,)  = - /-■-—■  ;■  , — 

V«(  tfu.d'ci) 

x[/(  »o)“»  ifrcr+gl  «(,)*/] sin  Ipa  ,  (15) 

where  t>iv(A,)  =  V,*(A,)  IVW  is  the  reduced  Walker  critical 
velocity,  and  the  critical  velocity  at  the  zero  in-plane  field5  is 
Vw  =  A*  4(21  \j2(2Q+  1).  A  plot  of  Eq.  (15)  showing  the 
in-plane  field  dependence  of  the  Walker  critical  velocity  is 
presented  in  Fig.  2. 

Briefly  summarizing,  we  have  derived  in  this  article  the 
generalized  DW  dynamic  equation  taking  into  account  the 
in-plane  field  influence  on  the  DW  structure.  As  an  illustra¬ 
tion,  the  dependence  of  the  Walker  critical  field  and  velocity 
over  a  wide  range  of  the  magnetic  field  normal  to  the  anisot¬ 
ropy  axis  was  calculated. 
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We  repoet  the  experimental  results  of  magnetic  uniaxial  anisotropy  induced  during  sputtering  (AT,) 
and  annealing  (fc2)  of  NiFe  and  NiFeCr  films  The  NiFe  and  NiFeCr  films  of  around  30  nm 
thickness  were  deposited  using  dc  magnetron  sputtering.  Class  and  T*  (20  am)  coated  glass  were 
used  as  substrates.  The  magnetic  properties  were  determined  using  a  B-H  looper  at  10  Hz.  The 
crystal  orientation  was  determined  using  x-ray  diffraction.  The  results  show  that  the  predictions 
from  s  two-component  anisotropy  model' (that  is  Kj/[Ki  +K2])  for  a  3  h  310  *C  anneal  are  in  good 
agreement  with  experimental  data  for  both  NiFe/glass  and  NiFeCr/glasa,  but  not  for  NiFe/IWgiass 
and  NiFeO/TVglass.  This  can  be  explained  by  the  orientation  effect5  from  x-ray  diffractioo  studies. 

The  NiFe  and  NiFeCr  have  higher  (111)  preferred  orientation  when  deposited  on  Ti  coated  glass  as 
compared  to  samples  deposited  on  glass  only.  The  effects  of  » nursling  temperature  and  Ta 
underlayer  will  be  discussed.  The  activation  energy  for  magnetic  annealing  induced  anisotropy  will 
also  be  discussed. 
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Structural  and  magnetic  properties  of  rf-sputtered  iron  nitrides  using  NH3 
(abstract) 

John  Q.  Xiao  and  C.  L  Chian 

Department  of  Physics  and  Astronomy,  The  John  Hopkins  University;  Baltimore,  Maryland  21218 

Thin  films  of  iron  nitrides  hive  attracted  much  attention  due  to  their  superior  magnetic  properties. 

Conventional  rf  reactive  sputtering  using  N2  gas  encounters  a  number  of  difficulties,  including 
mixed  phases,  which  are  alleviated  by  the  use  of  NHj  gas.  By  controlling  the  partial  pressure  of 
NH3,  we  have  been  able  to  fabricate  all  stable  Fe  nitrides  of  f-Fe^N,  e-Fe2_3N,  and  /-Fe«N  in 
single-phase  films.  The  structure  has  been  determined  using  an  x-ray  diffractometer.  The  magnetic 
properties  have  been  investigated  using  VSM,  SQUID  magnetometers,  and  Mossbauer 
spectroscopy.  All  nitrides  except  FejN  have  high  saturation  moments  with  a  large  in-plane 
anisotropy.  The  saturation  moment  decreases  with  increasing  nitrogen  concentration.  The 
Mossbauer  results,  in  excellent  agreement  wife  those  from  bulk  samples,  are  consistent  with 
structural  results  and  magnetization  measurements. 
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NudMtion  of  tho  nanocrystalline  phase  In  Fe^ jCutNI^^Bs  (abstract) 

J.  D.  Ayers,  V.  G.  Harris,  J.  A.  Sprague,  and  W.  T.  Elam 

Naval  Research  Laboratory,  Washington,  DC  2037S-S000 

A  new  class  of  soft  magnetic  alloys  derive  their  attractive  properties  from  the  fact  that  they  contain 
a  high  volume  fraction  of  iron  rich,  nanometer  scale,  D03  structure  precipitates.  These  precipitates 
are  imbedded  within,  and  separated  from  one  another  by,  a  portion  of  the  amorphous  phase  from 
which  they  formed.  In  an  effort  to  determine  the  mechanism  by  which  the  addition  of  modest 
amounts  of  Cu  and  Nb  to  Fe-Si-B  amorphous  alloys  induce  the  formation  of  the  metastable 
nanocrystalline  structure,  melt-spun  samples  of  FenjC^NbjSiusB,,  Fe7&5Cu,Si,3  5B^  and 
Fe^NbjSiy were  heat  treated  at  550  °C  for  times  ranging  from  2  to  60  min  and  studied  by 
means  of  transmission  electron  microscopy  (TEM),  x-ray  diffraction,  and  extended  x-ray  absorption 
line  structure  (EXAFS)  analysis.  EXAFS  spectra  from  the  Cu  absorption  edge  in  the 
Fe7]5CulNb3SiI]SB9  alloy  show  that  tiny  clusters  of  a  Cu  rich  phase  are  present  even  in  the 
amorphous,  as-melt-spun  ribbon,  and  that  these  clusters  have  dose  atomic  packing.  These  clusters 
are  found  to  coarsen  and  increase  in  number  during  the  first  few  minutes  of  heat  treatment.  TEM 
observations  show  that  a  high  proportion  of  the  precipitates  are  nucleated  within  this  same  short 
time,  supporting  the  belief  that  the  clusters  catalyze  nucleation  of  the  DOj  precipitates.  Examination 
of  the  alloys  without  Cu  or  Nb  indicate  that  the  Nb  is  important  both  for  stabilizing  the  amorphous 
phase  component  and  for  indudng  formation  of  the  Cu  clusters. 
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Validity  and  the  appilcablity  of  magnetic-circular-dlchroiam  sum  rules 
for  transition  metals  (invited) 

Ruqian  Wu.  Dingsheng  Wang,4  and  A.  J.  Freeman 

Department  of  Pkysics  and  Astronomy,  Northwestern  University,  Evanston,  Illinois  60208 

X-ray  magnetic-circular-dichroism  (MCD)  spectra  are  calculated  using  the  thin  film  full  potential 
linearized  augmented  plane  wave  energy  band  method  for  transition  metal  surfaces.  Together  with 
a  model  analysis,  a  clear  physical  insight  is  provided  for  this  new  and  exciting  phenomenon.  The 
MCD  sum  rule  for  the  orbital  moments  originally  derived  from  a  single  ion  model  are  found  to  be 
valid  to  within  5-10%  even  in  the  band  approach  which  treats  the  strongly  hybridized  multiband 
structure.  However,  the  spin  sum  rule  may  result  in  a  larger  error  due  to  the  effects  of  s,p-d 
hybridization.  In  addition,  the  magnetic  dipole  term  is  very  important  in  the  spin  sum  rule, 
especially  for  atoms  with  lower  local  symmetry. 


I.  INTRODUCTION 

Recently,  x-ray  magnetic  circular  dichroism  (MCD),  has 
become  an  exciting  new  powerful  tool  for  investigating  the 
magnetism  of  transition  and  rare-earth  metal  systems  based 
on  recent  advancements  in  the  sophisticated  use  of  synchro¬ 
tron  radiation  facilities. 1-8  Its  unique  properties,  e.g.,  its  high 
element  selectivity,  offer  a  strong  potential  for  magnetic  ma¬ 
terials  characterization  and  visualization.9 

Physically,  MCD  measures  the  difference  in  absorption 
between  left-  (with  cross  section,  <r+)  and  right -circularly 
(with  cross  section,  <r_)  polarized  incident  light  during  the 
process  of  electric  transitions  from  core  states  (2 p  for  3  d 
transition  metals)  to  the  unoccupied  valence  states.  Due  to 
the  strong  spin-orbit  coupling  (SOC),  the  2pin  and  2 p3/2 
core  states  are  no  longer  degenerate  and  thus  the  absorption 
peaks  from  these  components  are  separated  in  energy  (L2 
denotes  the  transition  from  2 plr2  and  Ly  denotes  the  transi¬ 
tion  from  2p5/2). 

Based  on  a  single  ion  model  analysis,  Carra  et  at. 10-12 
established  a  direct  relationship  for  the  MCD  and  total  ad¬ 
sorption  cross  sections,  i.e.,  a„  (=<7+  -<r_)  and 
<r,(  =  <r+  +  o_  +  <tz),  with  the  average  spin  and  orbital  mo¬ 
ments,  i.e.,  ( S ,)  (S2=±l)  and  {£,)  as 

ImSty+lfm  dE  C(Lj) 

t,=Sh+h*,dE  Ntl=Sp(E)dE  W 

and 

fj=fo={‘Vz,+[(«+U/c]a,a^ 
f<= Jij+ijOV  dE 

<S,>  =  (A(S2)+fl<T2)) 

N„  ’  W 
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where  A  =  [/(/+  l)-2-c(c+l)J/6c,  =  l)[/(/+ 1) 

+  2c(c+l)  +  4]-3(c-l)2(c  +  2)2}/6c/(/+l),  and 

C-[/(/+  l)  +  2-c(c+  l)]/2f(/+  1).  For  L  adsorption 
edges  in  Fe,  the  core  and  valence  angular-momenta  c  and  / 
are  equal  to  1  and  2,  respectively,  and  thus  we  have  A  =  1/3, 
B= 7/3,  and  C  =  1/2.  The  number  of  valence  holes,  Nk, 
can  be  obtained  from  the  integration  over  the  density 
of  states,  p(£).  In  Eq.  (2),  T  is  the  magnetic  dipole  operator 
{T=JS— 3r(r  S)],  and  T2=5,(l-3cos2  60/2  for  S  aligned 
along  the  z  direction). 

There  are  two  major  assumptions  in  the  derivation  of  the 
sum  rule:10"12  (i)  the  radial  matrix  elements  are  a  constant 
for  all  transitions,  (ii)  no  hybridization  exists  between  differ¬ 
ent  l  shells  (i.e.,  I  is  a  good  quantum  number).  In  addition, 
(Tz)  has  to  be  negligible  for  the  determination  of  (S.)  di¬ 
rectly  from  the  MCD  spectra.  However,  as  is  well  known, 
assumptions  (i)  and  (ii)  fail  in  real  materials  and  (Tz)  is 
small  only  for  atoms  with  cubic  local  symmetry.  Therefore,  it 
is  obviously  necessary  to  verify  the  validity  of  these  sum 
rules  and  provide  solutions  for  the  possible  problems  in  ap¬ 
plying  them  to  real  materials  from  a  first  principles  energy 
band  approach  in  which  all  the  complexities  (such  as  a 
strongly  hybridized  multiband  structure)  are  accounted  for. 

To  this  end,  we  developed  our  full  potential  linearized 
augmented  plane  wave  (FLAPW)  method  to  directly  calcu¬ 
late  MCD  spectra,  {Lz),  (Sz),  and  {Tz)  in  order  to  provide  a 
deeper  understanding  of  these  new  exciting  phenomena  and 
give  guidance  for  the  analysis  and  interpretation  of  MCD 
spectra.  We  found  that  the  MCD  orbital  sum  rules  are  valid 
in  the  band  approach  to  within  5-10%.13'14  For  the  spin  sum 
rule  the  error  bar  becomes  larger  [14%  for  surface  Fe(001 )], 
and,  the  ( Tz )  term  is  very  important  especially  for  atoms  at 
surfaces  and  interfaces.14 

II.  METHODOLOGY 

We  employ  a  second-variational  procedure  to  account 
for  the  spin-orbit  coupling  (SOC)  in  the  valence  band.  In 
this  procedure,  the  wave  functions  of  the  unperturbed  states, 
namely,  (fr,  =  c)d>j ,  where  <t>j  is  the  augmented  plane  wave 
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basis  in  semirelativistic  calculations,  are  used  as  a  basis  set 
to  expand  the  SOC  Hamiltonian.  Therefore,  we  have  a  diago¬ 
nalized  ooa-SOC  Hamiltonian  H0  and  a  traceless  SOC  ma¬ 
trix  as  the  perturbation.  Since  the  off-diagonal  matrix  ele¬ 
ments  of  SOC  are  very  small  (usually  a  few  meV  in  practical 
calculatioas)  compared  to  the  bandwidth,  a  much  smaller 
energy  cutoff  (e.g.,  0.5  Ry  above  E F)  can  be  adopted  in  the 
diagonalizadon  of  the  new  eigenvalue  equation 

(//0+f<r-L)|Cy>=X|C>>  (3) 

to  obtain  the  perturbed  wave  functions  i/<'  =  2,  C'tlF. 

For  dipole-excited  transitions,  the  cross  section  for  ab¬ 
sorption  of  incident  light  can  be  expressed  as 

> »=±,z,  (4) 

where  p„  stands  for  the  momentum  operators  corresponding 
to  the  polarization  of  the  light.  In  the  second-variational  pro¬ 
cedure  described  above,  the  matrix  elements  can  be  obtained 
from  integrations  of  (<Pc\p,\4>,)  as 

<*clp.W>=2  C;c*(t>c|p.|^y).  (5) 

A  seven  layer  slab  is  used  to  simulate  the  bcc  Fe(00 1 ) 
surface  with  the  lattice  constant  chosen  as  a  =5.4168  a.u.  An 
energy  cutoff  of  12  Ry  is  used  for  the  variational  plane  wave 
basis  set.  Within  the  muffin-tin  (MT)  spheres,  lattice  harmon¬ 
ics  with  angular-momentum  1  up  to  8  are  employed  to  ex¬ 
pand  the  charge  density,  potential,  and  wave  functions.  Con¬ 
vergence  is  assumed  when  the  average  root  mean  square 
distance  between  the  input  and  output  charge  and  spin  den¬ 
sities  is  less  than  2.5X10-4  e/(a.u.)3. 


III.  RESULTS  AND  DISCUSSION 

Before  describing  the  first  principles  results,  a  simple  but 
helpful  physical  insight  can  be  obtained  from  a  perturbative 
model  discussion.  We  calculated  rr, ,  a, ,  <r„ ,  Lz ,  Tz ,  and  sz 
analytically  up  to  first  order  in  £  for  the  Slater-Koster  d  and 
s  basis  with  minority  spin  (S2=-l).14  For  d  states  (with  Rd 
representing  the  radial  integration),  independent  of  their  an¬ 
gular  wave  function  characters,  we  found  the  relations  (i) 
<t,=4RJ5,  (ii)  am  =  (4Rrf/5)(Z, r/2),  and  (iii)  <rs 

=  <r„Xj  -  2 <rmXi  =  (4Rj/5)Se .  From  (i)  and  (ii),  we  obtain 
the  MCD  orbital  moment  sum  rule10  if  only  the  d  states  are 
involed.  Interestingly,  the  s  state  contributes  to  neither  <r„ 
nor  Lz ,  and  thus  the  proportionality  between  these  two  quan¬ 
tities  is  expected  to  bold  well  even  for  real  transition  metal 
systems.1314  Obviously,  (i)  and  (iii)  denote  the  proportionali¬ 
ties  between  the  numerators  and  the  denominators  on  the  left 
and  the  right  sides  of  Eq.  (2)  for  each  d  states  and  thus  the 
MCD  spin  sum  rule  is  also  a  natural  result  of  this  simple 
single  atom  model. 

A.  Th*  orbital  turn  rule 

In  real  materials,  the  angular-momentum  /  is  not  a  good 
quantum  number,  and  the  real  wave  function  usually  contains 
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FIG.  I.  The  energy  distributions  of  U)  L:  and  ,  x ,  trm  .  lb)  the  density  of 
states  and  #  n,  f°r  hulk  Fe. 

contributions  from  all  the  I  values  (mainly  s,  p,  and  d  in  3 d 
metals).  Thus  we  expect  the  sum  rule  to  hold  only  in  the 
region  where  the  d  states  dominate  (i.e.,  in  the  d  band  range 
for  3 d  transition  metals)  since  the  quantities  in  Eq.  (1)  de¬ 
pend  differently  on  the  wave  functions  (i.e.,  ( L, )  depends  on 
p  and  d  components,  am  and  a,  relate  to  s  and  d  components 
while  Ni,  is  independent  of  the  wave  function  character). 

As  discussed  above,  the  s,p  contributions  to  <rm  and  Lz 
are  canceled  due  to  either  the  summation  over  the  two  ad¬ 
sorption  edges  (s  states  to  om)  or  the  small  exchange  split¬ 
ting  (p  states  to  Lz).  As  a  result,  we  found  that  the  calculated 
Lz  and  <rm ,  as  shown  in  Fig.  1(a),  track  each  other  very  well 
in  the  whole  energy  range  shown.  Therefore,  the  assumption 
that  the  radial  matrix  is  a  constant  for  each  transition  to  the  d 
state  is  a  good  approximation.  Comparatively,  the  denomina¬ 
tors,  i.e.,  p(£)  and  a,,  track  each  other  less  well  in  Fig.  1(b), 
especially  in  the  bottom  region  of  the  d  band  because  the  s,p 
contributions  do  not  cancel.14  Thus,  neglect  of  the  multishell 
hybridization  is  a  good  approximation  for  the  numerators  in 
Eq.  (1),  but  leads  to  some  errors  for  the  denominators. 

Beyond  the  d  band  range,  especially  in  the  higher  energy 
region  (6  eV  above  Ef ),  the  deviation  between  p(E)  and  <t, 
becomes  more  important  because  they  will  accumulate  dur¬ 
ing  the  energy  integration  and  result  in  a  large  error  for  the 
quantities  in  Eq.  (1)  and  thus  the  failure  of  the  sum  rule.  To 
solve  this  problem,  an  upper  energy  limit  has  to  be  set  for  the 
integrals  in  Eq.  (1)  to  stay  in  the  d  band  range.  However, 
since  different  choices  of  this  upper  energy  limit  can  intro¬ 
duce  uncertainties  for  Nk  and  l, ,  we  propose  to  use  the  MCD 
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FIG.  2.  The  dependence  of  the  integrated  quantities  on  the  band  filling  for 
(a)  (Lt)  (solid  line,  left  scale),  /„  (dashed  line,  left  scale),  Nk  (solid  line, 
right  scale),  and  I,  (dashed  line,  right  scale)  and  (b)  ( S, >  (solid  line),  (/,) 
(dashed  line),  and  (Tt)  (dashed-dotted  line)  for  bulk  Fe.  £=0  corresponds 
to  the  position  of  the  physical  Fermi  level. 


(or  equally  the  (£,))  curves  as  a  criterion  to  determine  the 
range  of  the  d  bands  for  the  integrations:  thus  we  terminate 
the  integrations  for  I,  and  Nh  where  the  MCD  counterparts 
become  acceptably  close  to  zero  for  both  L}  and  L2.  In  fact, 
this  criterion  has  already  been  used  in  experiments8  by  de¬ 
termining  the  energy  cutoff  for  /,  according  to  the  MCD 
spectrum  using  a  spline  fit  and  a  step  function  subtraction.8 
Now  we  know  that  this  procedure  serves  to  eliminate  the 
contributions  from  high  lying  s  and  p  states  (or  continuum 
states)  and  thus  ensures  the  validity  of  the  sum  rule. 

For  3 d  transition  metal  systems,  we  found  that  it  is  suit¬ 
able  to  cut  the  integrations  at  6  eV  above  the  Fermi  level.  To 
give  a  clear  physical  insight,  we  plot  the  four  integrated 
quantities  [i.e.,  the  numerators  and  the  denominators  of  Eq. 
(1)]  as  functions  of  the  band  filling  (by  varying  Ef  from  the 
bottom  of  the  d  band  to  the  upper  limit  of  6  eV)  in  Fig.  2(a) 
for  bulk  Fe.  Good  proportionality  between  both  numerators 
and  both  denominators  can  be  found,  especially  in  the  physi¬ 
cally  interesting  region  (EF=0) — hence  the  sum  rule  holds 
to  within  5-10%.  Quantitatively,  for  example,  we  can  deter¬ 
mine  (L,)  from  Eq.  (1).  (Lz)  obtained  in  this  way  is  0.05  pB , 
which  is  very  close  to  the  directly  calculated  value  0.055  fiB 
for  bulk  Fe. 


Note  that  in  Fig.  2(a),  the  slope  of  Nh  and  /,  is  obviously 
not  zero  at  the  arbitrary  eneigy  cutoff  of  6  eV.  This  again 
suggests  the  importance  of  the  energy  cutoff  for  the  validity 
of  the  sum  rule.  In  addition,  the  deviation  between  Nh  and  /, 
becomes  larger  and  larger  at  the  bottom  of  the  d  band  be¬ 
cause  of  the  accumulation  of  the  s,p  influence  in  the  inte¬ 
grals.  However,  the  effects  of  s,p  states  on  (Lz)  and  lm  are 
truely  small  since  both  of  them  quickly  approach  zero  with 
an  almost  zero  slope  above  4  eV.  This  may  hint  a  possibility 
to  determine  (Lz)  solely  from  the  proportionality  between 
the  denominators  without  the  uncertainties  involved  in  ob¬ 
taining  the  normalization  factors,  /,  and  Nh ,  if  (i)  the  scaling 
factor  (6.0  for  Fe)  between  /„  and  (L.)  remains  constant  in 
different  environments  and  (ii)  lm  can  be  measured  abso¬ 
lutely  (not  a  relative  value  as  in  the  present  experiments). 

Indeed,  as  plotted  in  Figs.  3(a)  and  3(b)  for  surface  Fe, 
we  see  that  the  two  pairs  of  functions  [i.e.,  Lz  vs 
>  antl  P(£)  vs  Zl,.l2  <r,]  »lso  track  each  other 
very  well;  more  importantly,  they  do  so  with  the  same  scal¬ 
ing  factor  for  bulk  Fe  (cf.  Fig.  1).  Since  the  wave  functions 
of  the  surface  Fe  atom  contain  larger  s,p  components,  the 
deviation  between  Sh  and  /,  even  start  from  the  begining  (6 
eV)  of  the  integration,  as  shown  in  Fig.  4(a).  However,  the 
sum  rule  still  holds  if  a  5%-10%  error  bar  is  allowed.  The 
(Lz)  for  the  surface  Fe  determined  from  the  sum  rule,  0.09 
p.B ,  is  also  very  close  to  that  (0.095  pB)  evaluated  directly. 
By  contrast,  it  is  quite  striking  bow  the  lm  values  track  the 
(Lz)  curve  even  for  this  large  a  change  in  shape  and  value  of 
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FIG.  4.  The  dependence  of  the  integrated  quantities  on  the  band  filling  for 
(a)  (Lt)  (solid  line,  left  scale),  lm  (dashed  line,  left  scale),  Nk  (solid  line, 
right  scale),  and  /,  (dashed  line,  right  scale)  and  (b)  <S,)  (solid  line),  (/,) 
(dashed  line),  and  (Tt)  (dashed-dotted  line)  for  surface  Fe.  E*0  corre¬ 
sponds  to  the  position  of  the  physical  Fermi  level. 

(L,)  from  the  surface  to  the  bulk.  In  fact,  this  good  propor¬ 
tionality  and  the  constant  scaling  factor  hold  very  well  for  Fe 
systems  we  studied  so  far  [the  Fe(001)  monolayer,  Fe  sur¬ 
faces,  and  the  Fe/Pd(001)  interface,  etc.]. 

B.  The  spin  sum  rule 

Unlike  the  case  for  the  MCD  orbital  sum  rule,  all  the 
quantities  in  Eq.  (2)  are  independent  of  SOC  in  the  valence 
band  (up  to  f2).  The  s  state  contributes  even  to  the  numera¬ 
tors  such  as  Sz  and  <j, .  As  a  result,  the  sum  rule  is  expected 
to  work  less  well  than  the  orbital  sum  rule  does  in  real  ma¬ 
terials.  As  seen  from  the  single  atom  model,14  the  contribu¬ 
tion  of  T,  to  the  MCD  spin  moment  sum  rule  is  large  for 
each  d  state  although  the  sum  of  Tz  over  the  whole  d  band  or 
over  the  r2f  and  eg  sets  (degenerate  separately  in  the  O* 
symmetry)  is  zero. 

Indeed,  as  shown  in  Fig.  5(a)  by  the  first  principles  re¬ 
sults  for  5,  and  Tx  for  bulk  Fe,  T,  strongly  oscillates  in  the  d 
band  region— even  up  to  several  times  within  the  unoccupied 
minority  spin  peak.  The  magnitude  of  IT Jb  is  comparable  to 
that  of  SJ 3,  especially  in  the  occupied  part.  It  is  the  dipole 
term  which  ensures  the  proportinality  between  the  numera¬ 
tors  in  Eq.  (2),  i.e.,  er,  vs  S,  in  Fig.  5(b).  Due  to  the  contri¬ 
butions  of  s  states  (to  both  tr,  and  5,)  and  p  states  (to  Sz), 
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FIG.  S.  The  energy  distributions  of  (a)  S.  and  IT , ,  (b)  Sr  and  a ;  for 
bulk  Fe. 


some  evident  deviations  can  be  found  between  the  two 
curves  in  Fig.  5(b)  in  the  region  of  the  majority  (-6  to  -4 
eV)  and  minority  (-2  to  0  eV)  spin  band  bottoms.  Therefore, 
we  expect  that  a  proper  energy  cutoff  for  the  integrations  in 
Eq.  (2)  is  even  more  important  for  Eq.  (1). 

In  Fig.  2(b),  calculated  results  for  /,  and  (St)  are  plotted 
for  bulk  Fe.  Together  with  /,  and  Nh  shown  in  Fig.  2(a),  we 
found  that  the  spin  sum  rule  also  holds  with  an  error  bar  of 
5%-10%.  Interestingly,  the  curve  of  7{T,)/3  shows  a  very 
small  magnitude  in  the  whole  energy  range  shown  in  Fig. 
2(b),  corresponding  to  its  strong  oscillatory  behavior  [cf.  Fig. 
5(a)],  Thus  for  atoms  with  high  symmetry,  the  MCD  spin 
sum  rule  can  be  applied  to  measure  the  spin  moment  directly 
by  neglecting  the  (Tz)  term. 

By  contrast,  the  (Tz)  term  becomes  important  for  the  Fe 
surface  atom  due  to  the  lowered  symmetry.  As  shown  in  Fig. 
6(a),  the  magnitude  of  lTzfi  is  even  larger  than  that  of  SJ. 3. 
At  1.2  eV,  the  Sz  peak  is  almost  entirely  compensated  by  that 
of  Tz — resulting  in  a  very  small  Se  at  this  energy  in  Fig.  6(b). 
Dramatically,  the  proportionality  between  a,  and  Se  still 
holds  for  the  surface  Fe  atom  with  the  same  scaling  factor  for 
the  center  layer  Fe  atom,  after  such  drastic  cancellations  be¬ 
tween  Tz  and  Sz.  Therefore,  the  MCD  spin  sum  rule  also 
works  for  and  surface  atoms  but  with  larger  error  (14%).  As 
shown  in  Fig.  4(b),  the  deviation  between  /,  and  {St)  starts 
even  from  the  very  beginning  of  the  integration. 
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From  kxal  density  energy  band  studies,  we  have 
checked  the  validity  and  applicability  of  the  MCD  sum  rules 
aimed  at  direct  measurements  of  (Lz)  and  (S,)  fot  Fe(001) 
We  found  that  while  the  orbital  sum  rule  derived  from  a 
single  ion  model  still  hold  in  the  solid  state  to  within  5%- 
10%,  the  spin  sum  rule  may  result  in  a  larger  error,  in  addi¬ 
tion,  they  must  be  applied  with  caution  since:  (i)  the  s,p 
contributions  should  be  excluded  by  using  an  appropriate 
upper  energy  limit  for  the  integrations;  and  (ii)  the  magnetic 
dipole  term  must  be  included  in  the  spin  sum  rule. 
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FIG  6.  The  energy  distributions  of  (a)  5,  and  77*,,  (b>  5,  and  a,  for 
surface  Fe. 


Obviously,  as  shown  in  Fig.  4(b),  the  (Tz)  term  is  no 
longer  negligible  for  the  surface  Fe.  Without  (7*,),  the  differ 
ence  between  S,  and  S,  can  reach  as  much  as  50%  at  1.5  eV 
(and  12%  at  EF).  Evn  larger  (Tz)  at  EF  are  found  for  Fe 
atoms  at  interfaces.15  Therefore,  the  knowledge  of  Tz  is  ex¬ 
tremely  significant  for  the  application  of  the  MCD  spin  sum 
rule  to  transition  metal  surfaces  and  especially  to  interfaces. 
For  these  systems,  highly  precise  first  principles  determina¬ 
tions  for  both  the  MCD  spectra  and  ground  state  properties 
(e.g.,  Sj  and  Tz,  etc.)  are  essential  for  interpreting  experi¬ 
mental  results. 
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X-ray  magnetic  circular  dichroi8m  studies  of  multilayered  thin  films  of  3d 
transition  metals  (invited)  (abstract) 

D.  Weller,  M.  G.  Samant,  J.  Stofir,  and  Y.  Wu 

IBM  Research  Division,  Almaden  Research  Center,  650  Harry  Road,  San  Jose,  California  95120-6099 

B.  D.  Hermsmeier 

IBM  San  Jose,  5600  Cottle  Road,  San  Jose,  California  95155 

G.  Held 

IBM  Research  Division,  T.  J.  Watson  Research  Center  Route  154,  Yorktov  a  Heights,  New  York  10598 

C.  Chappert 

Institut  d’Electronique  Fondamentale,  Univcrsite  Paris  Sud,  91405  Orsay,  France 

X-ray  magnetic  circular  dichroism  (XMCD)  is  used  to  probe  both  the  spin  and  orbital  d  moments 
of  Co  in  Co/Pd,  Co/Pt,  and  Co/Ni  multilayers,  and  in  a  Au/Co-wedge/Pd  structure.  While  the  spin 
moment  per  Co  atom  is  found  to  be  constant  witl  .n  the  experimental  error,  the  orbital  moment 
shows  a  strong  dependence  both  on  *ne  chemical  environment  and  on  the  thickness  of  the  Co  layer. 

In  particular,  we  find  an  orbitai  moment  enhancement  of  up  to  a  factor  of  three  for  a  Co  layer 
thickness  of  four  atomic  layers  in  the  present  Au/Co/Pd  sandwich  structure.  This  enhancement 
decays  to  the  bulk  Co  value,  roughly  following  a  \ldCo  dependence,  thus  confirming  its  interfacial 
origin.  The  relevance  of  these  observations  with  respect  to  the  perpendicular  magnetic  anisotropy  in 
these  samples  will  be  discussed. 


Physical  information  in  polarized  x-ray  absorption  spectroscopy  and  x-ray 
photoemission  spectroscopy  (invited)  (abstract) 

Bernard  Theodoor  Thole 

Materials  Science  Center,  9747 AG  Groningen,  The  Netherlands 

Core  level  and  localized  level  x-ray  absorption  spectroscopy  and  x-ray  photoemission  spectroscopy 
contain  information  that  can  uc  extracted  in  a  way  independent  of  the  theory  used  for  the  valence 
band.  The  sum  rule  me,hod  essentially  integrates  over  core  hole  effects,  which  average  to  zero, 
leaving  only  one-particle  effects.  The  results  present  interesting  problems  for  both  localized  and 
band  structure  theory.  In  particular,  more  information  on  orbital  moments  has  already  become 
available,  which  needs  a  correct  treatment  of  spin-orbit  coupling.  On  the  other  hand,  the  multiplet 
structure  is  for  a  large  part  due  to  interactions  in  the  final  state  and  therefore  gives  only  indirect 
information  on  the  ground  state.  The  interpretation  is  more  complex  and  theory  dependent. 
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Element  specific  magnetic  hysteresis  curves  of  Fe/Cu/Co  multilayers 
(Invited)  (abstract) 

Y.  U.  fdzerda 
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H.-J.  Lin 

AT&T  Bell  Laboratories,  600  Mountain  Avenue,  Murray  Hill,  New  Jersey  07974 

G.  Ho 

Department  of  Physics,  University  of  Pennsylvania,  Philadelphia,  Pennsylvania  19104 

G.  Meigs 

AT&T  Bell  Laboratories,  600  Mountain  Avenue,  Murray  Hill,  New  Jersey  07974 

A.  Chaiken  and  G.  A.  Prinz 

Naval  Research  Laboratory,  Washington,  DC  20375 

C.  T.  Chen 

AT&T  Bell  Laboratories,  600  Mountain  Avenue,  Murray  Hill,  New  Jersey  07974 

We  report  the  first  results  employing  a  new  technique  for  studying  heteromagnetic  multilayers  by 
element  specific  magnetic  hysteresis  measurements.  Dramatically  different  Fe  and  Co  hysteresis 
curves  of  Fe/Cu/Co  trilayers  were  obtained  by  recording  the  soft  x-ray  magnetic  dichroism1  at  their 
respective  t3  absorption  edges  as  a  function  of  the  applied  magnetic  field.  The  complicated 
conventional  hysteresis  curves,  obtained  by  a  vibrating  sample  magnetometer,  were  resolved  into 
linear  combinations  of  the  two  individual  elemental  hysteresis  curves,  thus  determining  the  average 
atomic  magnetic  moments  of  each  element  within  the  multilayer  structure  (Fe  is  2.0±0.08  pB  and 
Co  is  1.1  ±0.04  Furthermore,  fine  hysteresis  features  associated  with  one  element, 

imperceptible  in  the  conventional  curves,  were  also  observed,  and  demonstrate  a  new  and  powerful 
means  for  studying  heteromagnetic  multilayer  systems. 


'See,  for  example,  C.  T.  Chen  er  at.,  Phys.  Rev.  B  42,  7262  (1990). 
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Core-level  magnetic  circular  dichroiem  In  3 d  and  4 f  magnetic  syetems 
(invited)  (abstract) 

T.  Koide 

Photon  Factory,  National  Laboratory  for  High  Energy  Physics,  l-l  Oho,  Tsukuba,  Ibaraki  305,  Japan 

With  the  recent  availability  of  circulary  polarized  synchrotron  radiation  over  a  wide  photon  energy 
range  from  VUV  to  hard  X  rays,  the  magnetic  circular  dichroism  (MOD)  in  core-level 
photoabsorption  has  rapidly  attracted  growing  interest,  both  experimentally  and  theoretically.  This 
novel  technique  can  provide  element-specific  and  site-selective  information  about  the  magnetic  and 
the  electronic  states  in  various  magnetic  substances  because  the  core-level  MCO  process  involves 
optical  transitions  in  which  the  one-electron  initial  states  are  well  localized  and  have  well-defined 
angular  momenta.  In  order  to  get  insight  into  the  local  magnetic  states  in  3d  and  4f  magnetic 
systems,  we  have  studied  MCD  of  ferrites,  Fe1  _  ^Pt,  alloys,  and  mixed-valence  CeRh,B,  at  the 
core-absorption  edges  in  the  VUV—soft  x-ray  region.  The  experiments  were  performed  by  utilizing 
directly  characterized,  circularly  polarized  undulator  radiation  and  off-plane  synchrotron  radiation1 
in  conjunction  with  an  ultrahigh  vacuum  compatible  superconducting  magnet  of  special  design." 

Clear  MCD  signals  were  observed  for  CeRh3B,  in  the  prethreshold  region  of  the  Ce  4d— 4/  (A/4  5) 
edges.  A  comparison  of  the  experimental  MCD  spectrum  with  theoretical  ones3  for  uniaxial  crystal 
fields  of  Ar=0  and  0.2  eV  shows  that  the  experimental  spectrum  qualitatively  agrees  with  the 
theoretical  one  for  Ac=0  eV.  Theory  predicts  that  the  MCD  pattern  for  Ac<0.14  eV  will  be 
essentially  the  same  as  that  for  Ac=0  eV.  Considering  a  Ar  value  of  0.1-0.2  eV,  which  was 
determined  from  the  linear  dichroism  measurement,4  the  present  result  leads  to  the  conclusion  that 
Ac— 0.1  eV.  With  a  model  based  on  the  strong  hybridization  between  the  neighboring  Ce  4/„(/;=0) 
and  Ce  5d0(/l=0)  orbitals  together  with  the  value  of  c  .—0.1  eV,  we  can  successfully  explain  many 
of  the  extraordinary  magnetic  properties  of  CeRh3B2.  We  will  also  present  the  MCD  data  in  the  M2.\ 
core-absorption  region  for  ferrites  (Fe304  and  CoFe204)  and  Fe, .  ,Pt,  alloys,  discussing  the  results. 


1 T.  Koide  el  at,  NucJ.  lnstmm.  Methods  A  308.  635  099!;. 
2T.  Koide  ei  at.  Rev.  Sci.  Instnun.  63,  1462  (1992). 

3T  Jo  and  S.  Imada.  J.  Phys.  Soc.  Jpn.  59,  1421  0990). 

4K.  Yamaguchi  et  at.  Phys.  Rev.  B  46,  9845  (1992). 
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Soft  x-ray  magneto-optical  Kerr  effect  (Invited)  (abstract) 
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J.  B.  Hastings 

National  Synchrotron  Light  Source,  Brookhaven  National  Laboratory,  Upton,  New  York  11973 

Recently,  there  has  been  a  great  deal  of  interest  in  x-ray  magnetic  circular  dichroism  (MCD)  and  its 
applications  to  the  study  of  magnetic  thin  films  and  multilayers  due  to  the  dramatically  enhanced 
dichroic  effect  and  its  element  specific  nature.  In  this  work,  the  soft  x-ray  magneto-optical  Kerr 
effect,  an  effect  closely  related  to  MCD,  is  investigated.  Detailed  comparison  between  MCD  and  the 
Kerr  effect  is  discussed.  As  an  example,  recent  results  from  a  thin  bcc  Co  film  will  be  presented.  In 
the  Ken  effect  measurement,  specular  reflectivity  as  a  function  of  incident  angle  and  photon  energy 
was  measured  using  both  linearly  polarized  and  circularly  polarized  x  rays.  To  give  the  largest 
effect,  in  the  case  of  linearly  polarized  light,  specular  reflectivity  was  measured  in  the  transverse 
configuration,  while  in  the  case  of  circularly  polarized  light,  the  measurement  was  carried  out  in  the 
longitudinal  configuration.  In  both  cases  very  large  changes  in  reflectivity,  up  to  40%  in  the  linearly 
polarized  case  and  75%  in  the  circularly  polarized  case,  were  observed  near  the  Co  La  and  Lm 
absorption  edges  upon  reversal  of  the  direction  of  the  magnetic  field.  These  results  agree  very  well 
with  a  macroscopic  model  calculation. 
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Application  of  the  spreading  of  damage  technique  to  the  S=1/2  Ising 
thin  film 

I.  V.  Ro|destvenskia)  and  U.  M.  S.  Costa61 

Department  of  Physics,  University  of  Western  Ontario,  London,  Ontario  N6A  3K7,  Canada 

We  apply  the  spreading  of  the  damage  technique  to  a  S=  1/2  Ising  ferromagnetic  thin  film.  We  use 
Metropolis  dynamics  to  calculate  the  temperature  dependence  of  the  Hamming  distance  as  well  as 
the  Hamming  distance  distributions  along  the  Markov  chain.  We  suggest  a  modification  of  the 
algorithm  for  calculating  the  Hamming  distance  in  the  case  of  Metropolis  dynamics  and  we  discuss 
the  results  for  the  two-dimensional  model  obtained  by  the  modified  approach.  For  a  film  with  three 
layers  we  present  the  thermal  dependences  of  the  above  quantities.  We  also  suggest  a  new  way  to 
introduce  damage  to  the  system  as  the  difference  in  the  boundary  conditions.  We  discuss  the  results 
of  this  new  approach  for  the  two-dimensional  model. 


I.  INTRODUCTION 

Recently  a  certain  amount  of  research  work  has  been 
done  studying  how  a  single  perturbation  spreads  in  a  coop¬ 
erative  system.  In  genetics,  for  example,  one  can  ask  what 
effect  a  single  mutation  in  a  gene  has  on  the  whole  animal. 
This  study  has  been  done  in  the  case  of  cellular 
differentiation.'  Another  interesting  problem  is  the  study  of 
the  consequences  of  smalt  “damage”  in  Ising  and  cellular- 
automata  systems.  This  technique  is  known  as  “spreading  of 
damage"  and  has  already  been  applied  to  the 
three-dimensional2  and  two-dimensional3  ferromagnetic 
Ising  model  as  well  as  to  the  Ising  spin  glass.4'5 

The  spreading  of  damage  algorithm  in  Ising  models  is  an 
investigation  of  the  temporal  evolution  of  two  configurations 
which  differ  initially  by  the  spin  values  in  1,  2,  or  up  to 
one-half  of  the  lattice  sites.  As  the  Ising  model  does  not  have 
an  intrinsic  dynamics,  one  has  to  use  an  “external”  dynam¬ 
ics.  The  dynamics  usually  utilized  are  the  Metropolis,  the 
Glauber,  and  the  “heat  bath”  ones.  All  these  dynamics  imply 
flipping  a  spin  with  a  given  probability.  An  important  feature 
of  the  technique  is  that  the  results  depend  strongly  on  the 
dynamics  chosen  and,  particularly  for  the  heat  bath  dynam¬ 
ics,  on  the  type  of  initial  configurations.  This  is  contrary  to 
the  case  of  usual  statistical  Monte  Carlo  modeling,  where  all 
the  dynamics  give  the  same  values  for  the  magnetization, 
susceptibility,  and  specific  heat,  differing  only  in  the  conver¬ 
gence  rate.4 

Generally,  the  spreading  of  damage  simulation  is  done  in 
the  following  manner,  (i)  Take  a  configuration  A  in  thermal 
equilibrium  at  a  given  temperature  T.  (ii)  Make  a  copy  B  of 
that  configuration  and  introduce  a  damage  by  changing  the 
state  of  the  spin  at  one  or  more  sites,  (iii)  Treat  both  configu- 
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rations  in  exactly  the  same  manner  by  applying  the  same 
algorithm,  the  same  dynamics,  and  the  same  random  num¬ 
bers.  (iv)  Take  the  configurational  average  by  repeating  the 
process  for  several  different  initial  configurations,  (v)  The 
quantities  that  are  usually  being  calculated  are  the  Hamming 
distance,  i.e.,  the  fraction  of  sites  which  are  different  in  the 
two  lattices  at  a  given  time,  and  the  total  damage  time,  i.e., 
the  time  for  all  the  spins  to  be  damaged  at  least  once. 

For  a  given  nonzero  initial  damage,  after  a  long  period 
of  time,  one  of  the  two  following  distinct  regimes  can  be 
found,  depending  on  the  value  of  the  temperature:  (a)  “cha¬ 
otic”  regime,  when  the  damage  propagates  and  the  two  con¬ 
figurations  remain  apart  in  phase  space  (average  Hamming 
distance  being  equal  to  0.5  then),  and  (b)  a  “frozen”  regime 
when  the  damage  heals  and  after  some  time  the  Hamming 
distance  will  be  zero.  The  sharp  frontier  between  these  two 
regimes  characterizes  a  phase  transition  at  a  given  spreading 
temperature  Ts.  There  is  some  controversy  concerning  the 
correlation  between  these  transitions  and  the  usual  phase 
transition  in  statistical  models.  For  the  two-dimensional  fer¬ 
romagnetic  Ising  model,  the  spreading  temperature  T,  coin¬ 
cides  with  the  Curie  temperature3'6  l'c,  while  for  the  three- 
dimensional  Ising  model,  T,  is  different2  from  Tc .  Another 
interesting  feature  of  the  spreading  of  damage  technique  is 
that,  if  the  Glauber  or  the  Metropolis  dynamics2"’  are  applied 
below  T, ,  the  frozen  phase  appear  while  for  the  heat  bath 
dynamics5  there  is  the  chaotic  phase. 

The  aim  of  the  present  paper  is  to  discuss  some  modifi¬ 
cations  of  the  spreading  of  the  damage  algorithm  and  to  ap¬ 
ply  the  modified  technique  to  the  two-dimensional  S  =  j  Ising 
model  and  the  three-layer  thin  film.  We  suggest  calculating 
the  Hamming  distance  distributions  along  the  Markov  chain 
and  show  that  they  might  be  useful  in  understanding  the 
details  of  the  damage  spreading  process.  We  introduce  a  new 
concept  of  “limited”  spreading  of  damage  and  discuss  how 
to  identify  this  phenomenon  by  analyzing  the  Hamming  dis¬ 
tance  distributions.  We  also  suggest  a  new  type  of  damage 
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introduction  through  the  difference  in  the  boundary  condi¬ 
tions  for  the  two  configurations,  and  we  discuss  the  results  of 
our  simulation  of  the  two-dimensional  model  with  the  dam¬ 
age  introduced  in  this  way.  For  the  three-monolayer  film  with 
different  exchange  parameters  in  different  layers  and  be¬ 
tween  the  layers  we  show  the  presence  of  the  limited  spread¬ 
ing  of  damage  phenomenon.  Further  results  and  discussion 
will  be  published  elsewhere.7 

II.  THE  MODEL  OF  A  THIN  MONOCRYSTALUNE  FILM 
AND  THE  SPREADING  OF  THE  DAMAGE 
ALGORITHM 

We  represent  the  thin  ferromagnetic  film  as  a  S  =  j  Ising 
ferromagnet  on  a  simple  cubic  lattice  with  the  nearest- 
neighbor  interactions  having  two  equivalent  surfaces  in  one 
direction  and  being  infinite  in  the  others.  The  Hamiltonian 
thus  can  be  written  in  the  following  general  form: 

JBs‘ks%-'2  2  J5s]j;L 

X-l  a- l 

N- I 

-X  Ej'W-*,'  (d 

e=  I  P 

where  N  is  the  number  of  monolayers,  the  first  sum  corre¬ 
sponds  to  the  interactions  of  the  spins  within  the  innet  layers, 
the  second  to  the  surface-spin  interactions,  and  the  third  to 
the  interactions  between  the  layers.  All  the  sums  are  taken 
over  pairs  of  nearest  neighbors. 

We  use  an  algorithm  for  calculating  the  average  Ham¬ 
ming  distance  (D)  that  differs  slightly  from  the  standard  one. 
To  explain  the  difference,  we  note  that,  if  the  Hamming  dis¬ 
tance  becomes  equal  to  zero  at  a  certain  step,  then,  in  the 
case  of  Metropolis  dynamics,  the  two  configurations  eventu¬ 
ally  will  remain  identical  for  the  rest  of  the  run  as  the  same 
random  numbers  are  applied.  Hence  it  is  logical  to  reintro¬ 
duce  the  damage  again  every  time  it  is  suppressed.  The  same 
situation  occurs  if  the  Hamming  distance  becomes  equal  to  1 
and  both  configurations  become  exactly  opposed.  Again, 
they  remain  so  as  they  have  the  same  thermodynamic 
weights  and  the  damage  is  being  suppressed.  The  algorithm 
presented  below  is  free  from  the  above-stated  problems,  (i) 
At  each  step  we  calculate  the  fraction  F  of  the  sites  with  spin 
values  different  for  both  configurations,  (ii)  If  F«0.5  we 
define  D  =  F,  otherwise  D=  1  —F.  (iii)  If  D  =  0  (that  means 
that  F  equals  either  0  or  1)  then  the  damage  is  suppressed 
and  we  reintroduce  it,  e.g.,  flipping  one  spin  in  one  of  the 
configurations  and  putting  D=  1/M,  M  being  the  total  num¬ 
ber  of  the  sites,  (iv)  To  obtain  (D)  we  average  D  along  the 
Markov  chain. 

We  discuss  the  properties  of  this  algorithm  elsewhere.7 

HI.  NUMERICAL  RESULTS  AND  DISCUSSION 
A.  TWo-dlnwrwIonal  modal 

The  described  algorithm  has  been  applied  to  the  two- 
dimensional  square  lattice  that  corresponds  to  a  film  with  a 
single  monolayer.  The  results  of  the  calculation  of  the  aver¬ 
age  Hamming  distance  are  presented  in  the  insert  to  Fig.  1, 
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Hamming  distance 


FIG.  1.  The  Hamming  distance  distributions  for  the  2D  Ising  model  on  a 
square  lattice.  kTlJ*=:0  0.65;  •  0.61;  V  0.59;  ▼  0.55;  □  0.50.  Insert 
The  temperature  dependence  of  the  average  Hamming  distance  (sec  Ref.5 
for  the  details). 

the  dependence  coinciding  very  well  with  the  results  ob¬ 
tained  by  Stanley.3 

Together  with  the  calculation  of  (D),  we  studied  the 
histograms  of  the  Hamming  distance  distribution  along  the 
Markov  chain.  This  characteristic  of  the  process  of  the  dam¬ 
age  spreading  displayed  an  interesting  temperature  depen¬ 
dence.  The  Hamming  distance  distribution  along  the  Markov 
chain  is  presented  in  Fig.  1.  For  the  temperatures  above3 
TS  =  TC& 0.56,  the  distribution  has  a  pronounced  maximum 
near  D  =  0.S.  When  approaching  Tc  from  above,  the  maxi¬ 
mum  becomes  more  and  more  flat.  Below  Ts  we  have  a  rapid 
crossover  of  the  distribution  to  the  shape  with  the  pro¬ 
nounced  maximum  around  D  =  0;  that  means  suppression  of 
the  damage.  The  critical  regime  in  the  vicinity  of  Ts  is  char¬ 
acterized  by  strong  fluctuations  of  D.  The  larger  the  system 
is,  the  more  narrow  this  interval  becomes  and,  hence,  the 
more  rapid  is  the  crossover  to  the  regime  T<T,. 

B.  Damage  introduced  through  the  boundary 
condtttona 

The  spreading  of  damage  algorithm  can  be  used  as  well 
to  study  the  influence  of  the  boundary  conditions  on  the  criti¬ 
cal  properties  of  the  system.  To  illustrate  this,  we  make  the 
calculations  of  (D)  and  the  Hamming  distance  distributions 
in  the  same  model  and  with  the  same  dynamics,  but  now  one 
sample  of  the  lattice  has  periodic  boundary  conditions  and 
the  second  has  the  free  boundary.  From  the  results  in  Fig.  2 
we  can  conclude  that  the  distribution  function  of  D  now  has 
pronounced  maxima  between  D = 0  and  0  =  0.5  for  the  tem¬ 
peratures  below  T, .  We  should  note  that,  contrary  to  the  case 
of  the  traditional  introduction  of  damage,  the  values  of  (D) 
are  well  defined  even  close  to  Ts .  This  phenomenon  can  be 
called  limited  spreading  of  damage  and  has  been  observed 
before  for  the  heat  bath  dynamics  procedures  below  T,  .5  We 
have  a  simple  physical  explanation  for  this  fact.  In  both  con- 
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FIG.  2.  The  Hamming  distance  distributions  foe  the  20  Ising  model  oa  a 
square  lattice,  the  perturbation  being  in  boundary  conditions.  kT/JB  =  :0 
0.6 5;  •  0.58;  V  0.54;  ▼  0.52;  □  0.45.  Insert.  The  temperature  dependence 
of  the  average  Hamming  distance:  linear  size  20;  O  40;  □  80. 


figurations  the  areas  far  from  the  boundaries,  taken  sepa¬ 
rately,  display  the  same  type  of  behavior  as  in  the  case  of  the 
standard  way  of  damage  introduction,  e.g.,  (D) =0.5  above 
T,  and  ( D)-0  below.  However,  different  boundary  condi¬ 
tions  produce  differences  in  the  values  of  those  spins  in  both 
configurations  that  are  situated  near  the  boundaries  and, 
hence,  outside  the  correlation  region  of  the  central  spins.  The 
wider  the  correlation  region  is,  the  smaller  is  the  overall  (D) 
value.  We  can  conclude  that  the  accomplished  calculations 
might  give  us  an  opportunity  to  investigate  indirectly  the 
spin  correlations. 

C.  The  spreading  of  damage  In  the  three-monolayer 
dim 

We  investigated  the  spreading  of  damage  in  the  ferro¬ 
magnetic  film  consisting  of  three  monolayers.  We  used  dif¬ 
ferent  exchange  parameters  for  the  interaction  in  the  inner 
layer  (78),  in  the  surface  layers  (7s)  and  between  the  layers 
(7r).  In  Fig.  3  we  present  our  results  for  the  (D)  temperature 
dependence  (in  the  insert)  and  the  Hamming  distance  distri¬ 
bution  histograms  for  one  set  of  parameters  (see  the  figure 
caption  for  the  numerical  values).  We  interpret  our  results  as 
evidence  of  a  certain  kind  of  crossover  in  the  slope  of  the 
temperature  dependence  of  (D)  from  two-dimensional  to 
three-dimensional  type.  At  the  same  time  the  Hamming  dis¬ 
tance  distributions  display  a  similar  type  of  limited  spreading 
of  damage  phenomenon,  having  maxima  for  0«(D)«0.5. 
In  our  opinion  this  is  evidence  of  partial  ordering  in  different 
layers  at  different  temperatures.  Further  investigations  of  the 
model  in  question  may  include  the  calculation  of  (D)  (or 


FIG.  3.  The  Hamming  distance  distributions  for  the  threelayer  film. 
JT=0.2Jt,Js=0.Ut,  the  pertuibation  being  localized  in  the  middle  layer. 
*777*=: O  0.60;  •  055;  V  0.45;  ▼  0.40.  Insert  The  temperature  depen¬ 
dencies  of  the  average  Hamming  distance  for  the  three  layer  film, 
y  7  -  0  2J*.  7s  =  0  3/*;  (A)  perturbation  is  localized  in  the  surface  layer,  (B) 
in  the  middle  layer. 

some  analogous  quantity)  for  each  layer  separately  and  thus 
a  study  of  the  geometrical  properties  of  the  process  of  ferro¬ 
magnetic  ordering. 

D.  Conclusions 

In  the  present  paper  we  applied  the  spreading  of  the 
damage  technique  to  the  investigation  of  the  critical  proper¬ 
ties  of  the  Ising  thin  ferromagnetic  films.  We  suggested  some 
modifications  of  the  standard  algorithm  and  showed  how  to 
use  the  Hamming  distance  distributions  along  the  Markov 
chain  to  interpret  the  thermal  dependencies  of  the  average 
Hamming  distance  (D).  We  discussed  a  way  of  introducing 
the  damage  through  boundary  conditions  and  the  limited 
spreading  of  damage  concept.  We  applied  the  technique  in 
question  to  the  three-monolayer  ferromagnetic  Ising  film. 
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The  statistical  mechanics  of  the  two-dimensional  ferromagnetic  model  with  easy-plane  anisotropy  is 
approached  by  the  pure-quantum  self-consistent  harmonic  approximation  (PQSCHA),  that  reduces 
the  calculation  of  thermodynamic  averages  to  effective  classical  expressions.  In  the  PQSCHA,  the 
quantum  corrections  to  the  classical  thermodynamics  are  reduced  to  suitable 
(temperature-dependent)  renormalizations  of  the  interaction  parameters,  so  that  the  full  role  of  the 
nonlinear  excitations  is  preserved.  A  particular  case  is  the  XXO  model  (also  known  as  the  quantum 
XY  model),  which  undergoes  a  Kosterlitz-Thouless  phase  transition  at  some  finite  temperature  Tc . 
Since  it  is  possible  to  calculate  bow  much  the  effective  exchange  interaction  is  weakened  by 
quantum  fluctuations,  we  can  predict,  for  instance,  the  corresponding  amount  of  reduction  of  Tr  for 
any  value  of  the  spin.  Even  in  the  extreme  quantum  case  of  the  spin- 1/2  model,  our  result  is 
compatible  with  the  estimates  of  Tc  obtained  by  other  authors. 


The  system  considered  in  this  paper  is  the  2D  easy-plane 
ferromagnet,  described  by  the  Hamiltonian 

>=-4  '2  [(Sjft+a+Si’i{Ve)+XSfif+J 

Z  ltd 

+  2  [D(Sf)2-Ar//Sn.  (1) 

I 

where  the  index  is*(< j  ,i2)  runs  over  the  sites  of  a  two- 
dimensional  Bravais  lattice,  and  d*=(d,  ,d2)  represents  the 
displacements  of  the  z  nearest  neighbors  of  each  site. 

The  first  sum  describes  an  anisotropic  exchange  interac¬ 
tion  between  nearest-neighbor  spins,  with  an  easy-plane  an¬ 
isotropy  X  (0<X<1),  whereas  the  second  sum  contains  a 
single-site  easy-plane  anisotropy  D»0,  and  the  interaction 
with  an  applied  in-plane  magnetic  field  H,  where  fi=gfiB  is 
the  gyromagnetic  factor  times  the  Bohr  magneton.  The  quan¬ 
tum  mechanical  spin  operators  St  belong  to  the  spin-5  repre¬ 
sentation,  15||2=S(5+ 1).  For  X=Q,  D  =  0,  and  H=  0,  the 
above  Hamiltonian  describes  the  XXO  model,  often  also 
called  the  quantum  XY  model: 

#=~J  (Sfoa+Sj^).  (2) 

*  u 

If  Eq.  (1)  is  considered  as  a  classical  Hamiltonian  (i.e., 
the  spins  are  taken  as  classical  vectors  with  some  fixed 
length  5),  in  the  limit  of  very  strong  easy-plane  anisotropy 
D— »<x>  the  z  components  of  the  spins  are  suppressed,  and  one 
obtains  the  so-called  planar  model, 

XS22  cos(<p|-<pi+J)->iH52  cosip,. 

Z  14  I 

(3) 

This  model  is  also  referred  to  as  the  AT  model,  for  which 
Berezinskii,1  Kosterlitz  and  Thouless2  (BKT)  characterized 
the  phase  transition,  named  after  them,  that  occurs  for  H=0 
at  a  finite  temperature  TC/(JS2)“ 0.89.3,4  The  transition  has 


a  topological  character,  being  driven  by  the  unbinding  of 
vortex  pairs.5  For  T<TC  the  correlation  function 
<cos(<P|-^)>  displays  a  power  law  decay,  ~||-j|‘  *T), 
whereas  for  T>Te  the  behavior  is  exponential;  moreover,  the 
susceptibility  has  an  exponential  divergence  for  T— •  T* ,  al¬ 
though  long-range  order  is  absent  also  in  the  low  temperature 
phase,  i.e.,  (cos  cft>=0  for  all  T. 

A  different  classical  model  is  found  for  i>  =  0  In  this 
case  the  out-of-plane  components  ,v(  of  the  spins  are  involved 
in  the  dynamics  of  the  system,  but  still  a  BKT  transition  is 
expected  for  H = 0  at  a  finite  temperature  Tr(X),  which  van¬ 
ishes  logarithmically6,7  when  the  easy-plane  anisotropy 
X— >1.  This  system  has  been  numerically  simulated  on  the 
square  lattice  by  Kawabata  and  Bishop,8,9  who  (despite  the 
use  of  relatively  small  lattices)  have  observed  the  crossover 
from  power-law  to  exponential  behavior  of  the  in-plane  cor¬ 
relations  and  obtained  estimates  of  the  transition  temperature 
that  confirm  the  theoretical  asymptotic  dependence  of 
TC(X~1),  whereas  their  result  in  the  XXO  limit  is 
TC(X=0)/(JS2)  =  0.78±0.02. 

For  H  =  0  the  quantum  system  (1)  preserves  the  rota¬ 
tional  symmetry  around  the  z  axis,  and,  from  universality 
arguments,  should  display  the  same  qualitative  features  of  a 
BKT  system  as  its  classical  analogue,  with  only  quantitative 
modifications  of  the  critical  parameters  due  to  quantum  fluc¬ 
tuations.  Such  an  assumption  has  been  confirmed  by  recent 
extensive  quantum  Monte  Carlo  simulations  of  the  spin-1/2 
quantum  XY  model  (2),10,11  which  showed  clear  signatures  of 
a  phase  transition  at  7'/(752)=0.35  having  a  BKT  character. 
The  work  by  Ding  and  Makivic10-12  hints  that  the  quantum 
effects  mainly  contribute  to  a  renormalization  of  the  interac¬ 
tion  parameters;  moreover  their  analysis  of  the  temperature 
dependence  of  energy  and  specific  heat  reveals  that  the  ex¬ 
citation  spectrum  of  the  system  is  dominated  by  spin  waves 
up  to  temperatures  very  near  the  critical  one. 

The  aim  of  this  work  is  to  take  advantage  of  a  recent 
theoretical  approach,  the  pure-quantum  self-consistent  har¬ 
monic  approximation  (PQSCHA),13  in  order  to  simplify  the 
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treatment  of  the  genera)  quantum  mode)  (1).  By  means  of  the 
PQSCHA,  the  thermodynamics  of  the  quantum  model  can 
indeed  be  reduced  to  an  effective  classical  problem,  with  the 
effects  of  quantum  fluctuations  (which  are  treated  exactly  up 
to  the  harmonic  level)  embodied  in  the  temperature- 
dependent  renormalized  interaction  parameters. 

Let  us  consider  a  canonical  quantum  system  with  mo¬ 
mentum  and  coordinate  operators  (M)*{pi4J  (the  indexes 
i  corresponding  to  the  N  sites  of  some  Bravais  lattice)  such 
that  (qid»j]=iA3y,  and  with  Hamiltonian  Ydpjq).  The 
PQSCHA,13  is  most  conveniently  worked  out  in  terms  of 
Weyl  symbols,14,15  i.e„  the  phase-space  functions  A(p,q) 
■  /d4e,,{(q  +  jfj^lq  -  jf)  associated  with  any  opera¬ 
tor  Y.  The  main  result  of  the  PQSCHA  is  that  one  can  write 
the  quantum  thermal  average  of  an  observable  as  a 
classical-like  phase-space  integral 

=  i  I  [rV(M)>11^M’,  (4) 

with  the  effective  Hamiltonian 

KdP.d)  =  e*M.p,q)  -  Aei^Po,«o) 

+  ^  ln(sinh /k/ZiJ,  (5) 

k 

where  (p0dlo)  is  the  minimum  configuration  of 

(we  will  assume  it  to  be  translation  invariant) 

and  A  is  the  second-order  differential  operator 

a = xrfiHrVF, + + i^rVsji. where 

0^p)  =  AT,2keik<l'J,mk(«»j;  +  rr£)«k,  Y^^ 

=  ~N~llke‘k,‘~1,crkak,  and  Y^q) 

=  N~l’S.kelk ’(,"'*)mk  ‘ak,  are  the  renormalization  param¬ 
eters.  The  Fourier  index  k  runs  over  N  values  in  the  first 
Brillouin  zone,  /k=i/2ft«>k  and  ok  =  (ft/2wk)(coth  fk 
-  /k‘).  Finally,  the  quantities  mk,  <rk,  and  o\  are  self- 
consistently  determined  by 

mk  '  =  2tte'k  ,,'Jle^|<?Pj^po  ,?o), 

o-k=Sue'k"-J1e%^p0,?0),  (6) 

mk(  <rk)  =  2Be'k,l_J1e4i?,^,j^A)  .«>)• 

The  parameters  ak  are  equal  to  the  difference  between  the 
quantum  and  the  classical  (i.e.,  the  pure-quantum)  mean 
square  coordinate  fluctuations  of  a  harmonic  oscillator  with 
unit  mass  and  frequency  they  decrease  with  T,  and,  for 
«k“M20-  Then,  as  T  increases,  the  '’s  tend 
to  zero,  and  reduces  to  the  bare  Weyl  symbol 

JAp<q).  Actually,  it  can  be  shown  that  Eq,  (4)  shares  the 
high-T  behavior  of  the  Wigner  expansion.15,16  The  operator 
e 4  yields  a  Gaussian  smoothing  of  the  phase-space  functions 
on  a  scale  given  by  the  i.e.,  the  pure-quantum  fluc¬ 

tuations  of  the  canonical  variables.  Physically,  this  means 
that  the  system  is  not  able  to  test  a  definite  phase-space  con¬ 
figuration,  but  only  averages  over  neighborhoods  of  finite 
size,  according  to  the  uncertainty  principle.  On  the  other 
hand,  the  classical  thermal  fluctuations  are  embodied  in  the 
canonical  ensemble  phase-space  integral  (4). 
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One  can  make  use  of  the  PQSCHA  also  for  the  quantum 
spin  Hamiltonian  (1),  as  it  can  be  expressed  in  terms  of  ca¬ 
nonical  operators.  Thanks  to  its  easy-plane  character,  it  in¬ 
deed  makes  sense  to  apply  the  Villain  transformation ,17  i.e., 
■S,*  =  Se‘*t  1  -(p,+  1/25)2]1/j  *  (S,")tandij  =  Spt,  to 
canonical  operators  qi  and  pt  with  [q1^)=i5  <5^,  where 

S»S+5  plays  the  role  of  ft  ~ 1  Remarkably,  the  Weyl  symbol 
for  S'*  is  Sf(p,q)  =  S  \Jl  -pfe'*,  so  that  for  the  Hamil¬ 
tonian  (1)  one  immediately  finds  (see  also  Ref.  18  for  the 
one-dimensional  case) 

[  \l  1  -Put  cos (9i-q,ti) 

u 

+  A/>tPua]+*2  idp]  —  h\[\-~pl  cos  qt), 

i 

(7) 

where  e=JS 2  sets  the  energy  scale,  and  we  have  defined  the 
reduced  field  h  =  pH/(JS),  as  well  as  the  dimensionless  an¬ 
isotropy  parameter  d =D/J.  For  symmetry  reasons,  the  mini¬ 
mum  configuration  is  {p0  i  =  0,q0  l  =  0},  and  the  coefficients 
ak  and  Vy'"’1  are  vanishing,  so  that  the  operator  A  acts  sepa¬ 
rately  on  the  momenta  and  on  the  coordinates.  The  relevant 
renormalization  parameters  are  finally  found  to  be  three,  de¬ 
scribing  the  pure-quantum  square  fluctuations  of  p, ,  qt ,  and 
Squ  =  9i  -  <7i+a ,  namely  Yp  *  Y^ ,  Y,  *  Yjqq> ,  and  Y^ 
*  2  -  Yttfi)  =  2Ar12kykmk1ak,  with 

zyk=2d(l-cosk-d).  With  a  procedure  similar  to  that  of 
Ref.  18  the  effective  Hamiltonian  can  be  rewritten  in  terms 
of  (effective)  classical  spin  variables,  i.e.,  normalized  vectors 
Si  =  (sf  ,sf,s[),  tfl  =  1 .  It  has  the  same  form  of  the  original 
quantum  Hamiltonian  (1),  with  suitably  renormalized  inter¬ 
action  parameters: 

2  [T(sf5M+si’sftd)  +  ^[s;(d] 

+  2  t<«*i)2-**|]J+AK?(n.  (8) 

where  A  =  Ae_iV2,  tf2=  1-5^2,  r  =  ^e'^V2,  and 
G{T)  is  an  additive  correction  that  does  not  enter  the  calcu¬ 
lation  of  operator  averages.  The  Y’s  are  evaluated  self- 
consistently  using 

mk  1  =  «{2d+A  +z[r-X(l  -  y*)]}, 
mkwk=  e(r(h  +  rzy^. 

In  the  effective  Hamiltonian  the  renormalized  energy  scale 
(e-et?)  arises  from  the  quantum  fluctuations  of  the  z  com¬ 
ponent  of  the  spins,  whereas  the  renormalization  of  the  in¬ 
plane  magnetic  field  (A-»A)  comes  from  the  azimuthal 
quantum  fluctuations;  the  exchange  easy-plane  anisotropy  is 
made  weaker  by  the  factor  r<l,  due  to  the  combined  effect 
of  both  types  of  fluctuations. 

Using  Eq.  (4)  one  can  then  calculate  averages  and  cor¬ 
relations  by  means  of  classical  expressions  involving  the  ef- 
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FIG.  1.  The  effective  exchange  coupling  for  the  XXO  model  vs  temperature 
and  for  different  values  of  the  spin  5  (solid  lines).  The  energy  scale  is 
<3=JS2=J(S  +  j)2.  The  dotted  line  represents  the  relation  that  gives  the 
critical  temperature  in  terms  of  the  effective  exchange,  =0.781/^,  as 

found  in  the  classical  MC  simulations  in  Ref.  9. 


fective  Hamiltonian.  Generalizing  the  derivation  made  in 
Ref.  18,  and  defining  the  classical  average  with  the  effective 
Hamiltonian 

<•■•>*-£"'(11^  *,)(--  •)*-**■«,  (10) 

the  magnetization  can  be  expressed  as  (Sf) 
=  Sff2e~Yi/2(sIl)cg.  Similarly,  the  in-plane  correlations 
take  the  form  (SfSj)  =  S20*e  ^(cosh  (/jjw){sj'Sj)eS 
+  sinh  (and  the  same  with  x<->y ).  Noting  that 

*-»0  for  |i — j| — »oo,  the  asymptotic  behavior  is  just  that 
obtained  for  the  effective  classical  model. 

For  the  quantum  XXO  model  (2)  the  effective  Hamil¬ 
tonian  takes  again  the  XXO  form,  but  with  the  effective  ex¬ 
change  interaction  JcB(T)=JS202t.  As  a  consequence,  there 
will  be  a  critical  temperature  Tc ,  where  the  in-plane  correla¬ 
tions  change  from  power-law  to  exponential  decay.  After  the 
classical  simulations  of  Ref.  9,  Tc  is  implicitly  defined  by 
rc=“0.78/ca(rc).  Figure  1  reports  a  graphical  solution  of 
this  implicit  equation.  The  curves  represent  Jeg(T)  for  dif¬ 
ferent  spin  values,  numerically  computed  from  the  above  for¬ 
mulas.  Of  course,  the  quantum  effects  are  weaker  the  larger 
the  spin  and  the  larger  the  temperature.  The  intersections 
with  the  dotted  line  give  the  expected  BKT  critical  tempera¬ 
tures,  which  depend  upon  the  spin,  namely  TC/(JS2)=0.41, 
0.56,  0.64,  0.68,...,  0.78,  for  5  =  j,  1,  i  2,...,  respectively. 

In  the  extreme  case  of  S=1  the  solution  TJJ=* 0.41  can 


be  compared  with  the  values  found  by  high  temperature 
expansions19  (039),  by  real-space  renormalization  group 
techniques20  (0.40),  and  by  quantum  Monte  Carlo 
simulations10,11  (035).  We  do  not  believe  that  our  result 
could  solve  the  controversy  between  these  different  out¬ 
comes,  also  because  our  procedure  to  estimate  the  critical 
temperature  uses  as  an  input  the  result  found  in  Ref.  9  with 
rather  small  simulated  lattices,  and  a  more  accurate  MC 
simulation  is  in  order  to  get  a  more  reliable  estimate  of  Tc 
for  the  classical  XXO  model. 

The  problem  of  the  very  existence  of  a  BKT  transition  in 
the  S = j  two-dimensional  XXO  model  cannot  be  firmly  an¬ 
swered  by  the  PQSCHA,  which  essentially  is  a  semiclassical 
approach.  Nevertheless,  the  breakup  of  the  BKT  scenario 
should  be  accompanied  by  the  breakup  of  the  renormaliza¬ 
tion  scheme  of  the  PQSCHA,  as  it  happens  when  the  out-of¬ 
plane  fluctuations  become  so  strong  that  the  assumed  domi¬ 
nant  easy-plane  character  (justifying  the  use  of  the  Villain 
transformation)  becomes  meaningless.  Actually,  such  a 
breakup  does  not  occur  for  the  JQfO  model.  This  instability 
shows  up  when  finite  values  of  X.  are  considered,  as  it  can  be 
understood  from  Eqs.  (9),  for  small  enough  temperatures, 
which  are  however  less  than  the  estimated  critical  tempera¬ 
ture  for  X<0.5.  As  a  matter  of  fact,  also  the  quantum  MC 
simulations  of  Refs.  11  and  12  show  the  typical  classical 
BKT  scaling  behavior,  leading  us  to  conclude  that  quantum 
effects  do  modify  the  quantitative  prefactors,  but  not  the  uni¬ 
versality  class  of  the  transition,  that  is  determined  by  sym¬ 
metries  and  dimensionality.  Indeed,  quantum  fluctuations  are 
basically  short  ranged,  and — in  a  renormalization  group 
scheme — they  are  to  be  integrated  out,  resulting  just  in  renor¬ 
malized  interaction  parameters. 
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Magnetization  and  static  structure  factor  behavior  in  a  first-order  helix-fan 
phase  transition 

r..  RasteHi,  S.  Sedazzari,  and  A.  Tassi 

Dipartimento  di  Fisica ,  Universitd  di  Parma,  43100  Parma,  Italy 

The  behavior  of  noncollinear  spin  patterns  when  an  eirtemal  magnetic  field  is  applied  in  the  plane 
of  the  spins  can  be  successfully  studied  by  analytic  approaches  for  helix  configurations 
commensu rated  with  the  underlying  lattice.  Here  we  study  the  magnetization  and  static  structure 
factor  as  a  function  of  temperature  and  field  for  a  planar  square  lattice  with  exchange  coupling  up 
to  third  neighbor.  It  has  been  limited  to  spin-spin  couplings  that  stabilize  a  helix  characterized  by 
a  spin-spin  turn  angle  Q=2ir/5  and  Q  =4rr/5  in  a  zero  magnetic  field.  Analytic  calculations  in 
harmonic  approximation  and  Monte  Carlo  simulations  are  performed  on  finite  size  samples.  At  low 
temperature,  the  static  structure  factor  for  Q-2v!5  shows  an  abrupt  transfer  of  weight  from  the 
satellite  peak  at  the  helix  wave  vector  to  the  central  peak  for  a  critical  field,  which  is  weakly 
temperature  dependent.  Above  a  critical  temperature  the  evolution  of  the  low  field  helix 
configuration  into  the  fan  configuration  occurs  in  a  continuous  way.  Even  richer  is  the 
phenomenology  found  when  Q=dn/S,  since  a  spin-flop  phase  intervenes  for  intermediate  fields, 
yielding  two  first-order  phase  transitions  between  distorted  helix-spin-flop,  and  spin-flop-fan 
phases. 


The  influence  of  an  external  magnetic  field  on  helix  spin 
patterns  was  currently  believed  to  yield  a  simple  distortion  of 
the  helix  at  low  field,  with  a  first-order  phase  transition  to  a 
fan  phase,  where  no  spin  components  opposite  to  the  field 
exist,  for  a  field  about  half  the  saturation  field.1  This  scenario 
was  sketched  on  the  basis  of  zero  temperature  low  field-high 
field  expansion  of  the  energy  of  classical  spin  models  with 
continuous  symmetry  by  an  extrapolation  in  the  intermediate 
field  range. 

However,  this  picture  does  not  exhaust  all  possibilities. 
For  instance,  low  temperature  expansion2-1  and  Monte  Carlo 
simulation2-4  prove  that  in  the  planar  and  Heisenbetg  antifer- 
romagnet  on  a  triangular  lattice,  where  the  zero  field  zero 
temperature  minimum  energy  configuration  is  the  120°  three 
sublattice  configuration,  an  additional  collinear  phase  with 
two  spin  parallel  and  one  spin  antiparallel  to  the  field  inter¬ 
venes  at  intermediate  fields. 

Exact  expansion  of  the  energy  of  models  with  continu¬ 
ous  symmetry  and  exchange  competition  supporting  helix 
configuration  proves5  that  commensurate  phases  are  locked, 
owing  to  nonanalytic  contributions  proportional  to  hp,  where 
h  is  the  reduced  magnetic  field  and  p  is  the  number  of  spins 
per  magnetic  cell. 

At  zero  temperature  the  minimization  of  the  energy  of 
commensurate  helices  supported  by  suitable  exchange  com¬ 
petition  leads  to  a  first-order  helix-fan  phase  transition,  only 
for  the  spin-spin  turn  angle  Q<ir/2,  otherwise  a  continuous 
distortion  occurs.6  This  result  is  based  on  the  hypothesis  that 
the  zero  field  magnetic  cell  is  unchanged  under  the  applica¬ 
tion  of  an  external  magnetic  field.  Notice  that  this  hypothesis 
is  well  grounded  in  low  magnetic  fields,5  but  its  validity  is 
not  assured  at  intermediate  and  high  fields. 

Here  we  study  the  finite  temperature  behavior  of  these 
models  by  low  temperature  expansion  and  Monte  Carlo 
simulation  on  samples  of  25x25  and  50X10  spins  when 
periodic  boundary  conditions  are  assumed.  We  focus  on  a 

J.  Appi.  Phya.  75  (10).  15  May  1994 


planar  square  lattice  with  spins  interacting  via  competing 
exchange  up  to  third  neighbors.  The  zero  temperature  phase 
diagram  is  shown  in  Fig.  2  of  Ref.  7.  In  particular,  we  con¬ 
sider  exchange  competition  giving  helix  configurations  char¬ 
acterized  by  a  spin-spin  turn  angle  £>=2ir/5  and  £>=4rr/5  at 
zero  field,  where  the  spin  modulation  appears  in  the  (10) 
direction.  Let  us  define  the  nearest  neighbor  (NN),  next  near¬ 
est  neighbor  (NNN),  and  third  nearest  neighbor  (TNN)  ex¬ 
change  interactions  as  J , ,  J2 ,  V } ,  and  the  reduced  quantities 
;2=J2/-/, ,  ii=JylJ\ .  Q=2ir/5  is  achieved  in  the  parameter 
space  on  the  line  1  +  2/'2  =  v5- 1)  with  -1/(3  + 

>/5)</3«)  and  Q= 4ir/5  on  the  line  1  +  2j2  =  ;,( y5  + 1 ) 
with  -1/(3- \[5)<j}<0. 

Here  we  give  only  a  summary  of  our  main  results.  The 
low  temperature  expansion  we  perform  is  the  harmonic  ap¬ 
proximation  for  a  generic  external  field  under  the  hypothesis 
that  the  five  spin  cell  is  preserved,  even  in  the  external  mag¬ 
netic  field.  This  assumption  is  supported  by  the  locking  of 
commensurate  helices  in  low  external  magnetic  fields.5 

In  Fig.  1  we  show  the  reduced  magnetization  as  a  func¬ 
tion  of  the  external  magnetic  field  for  selected  temperatures 
for  Hamiltonian  parameters  that  give  a  zero  field  turn  angle 
Q-2ttI5.  For  instance,  we  have  chosen  j2  —  -0.422  75  and 
/'3=-  0.125.  As  one  can  see,  the  evidence  of  a  first-order 
phase  transition  is  obtained  for  0=2ir/5  at  zero  temperature. 
An  analogous  trend  is  obtained  at  low  temperature  within  the 
harmonic  approximation.  Obviously  Monte  Carlo  simulation 
cannot  yield  a  genuine  discontinuity,  owing  to  the  finite  size 
of  the  sample,  but  a  kink  is  observed  at  t  =  kBT/2Jt  =0.05, 
whereas  a  smooth  behavior  is  found  at  r  =0.2. 

In  Fig.  2  we  give  the  static  structure  factor  S(qx  ,0)  for 
r=0.05  and  h  =0.08  and  h  =0.1,  where  h  =  p.HI2Jl,  p  is  the 
magnetic  moment  per  site,  and  H  is  the  applied  magnetic 
field.  Monte  Carlo  simulation  shows  a  substantial  transfer  of 
weight  from  the  satellite  to  the  centra)  peak  for  a  small 
change  of  the  magnetic  field  in  the  neighborhood  of  the 
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FIG.  1.  Reduced  magnetization  m=  M(H ,T)/ nSN  versus  reduced  magnetic  FIG.  3.  Reduced  magnetization  versus  reduced  magnetic  field  of  the  model 

field  of  the  model  with  >a=  -0.422  75,  )3=  -0.123  \Q  - 2u?5)  for  selected  with  j2-  -0.702  25,  y3= -0.125  (C>  = 4ir/5)  for  selected  temperatures:  t  =  0 

temperatures:  1  -0  (continuous  curve)  r=0.05  (dots),  and  e  =0.2  (crosses).  (continuous  curve)  r=0.2  (dots),  and  r=0.35  (crosses). 


change  of  the  spin  configuration,  that  is  consistent  with 
the  analytic  harmonic  result.  The  analytic  harmonic  ex¬ 
pansion  and  Monte  Carlo  simulation  gives  a  coherent  picture 
for  £)=2ir/5.  On  the  contrary,  unexpected  instabilities 
are  found  in  harmonic  approximation  at  intermediate 
fields  when  the  case  Q  =4ir/5  is  considered. 

Indeed,  the  elementary  excitation  energies  that  one 
finds  by  diagonalization  of  the  energy  expansion  keeping 
terms  containing,  at  most,  two  fluctuation  angles  with  respect 
to  the  minimum  energy  configuration,  are  well  defined  for 
the  minimum  energy  configuration  when  Q=2ir/5  at  zero 
field,  but  become  negative  about  qx-it  for  a  substantial 
range  of  intermediate  fields  (0.7<A<1.3)  when  Q=4n/5. 
This  is  the  signature  of  a  phase  transition  induced  by  the 
field  involving  a  configuration  that  differs  from  both  a 
distorted  helix  and  a  symmetric  fan,  which  are  the  phases 
one  finds  minimizing  the  energy  of  the  model  under  the  as¬ 


sumption  of  a  magnetic  cell  of  five  spins.  The  softening  of 
the  elementary  excitation  energy  at  qx  =  it  suggests  the  onset 
of  a  new  phase  of  two  spins  per  unit  cell.  So  we  have  com¬ 
pared  the  zero  temperature  energy  of  the  spin-flop  configu¬ 
ration  with  those  of  the  distorted  helix  and  the  symmetric  fan 
with  five  spins  per  cell.  We  have  found  that  the  stable  con¬ 
figuration  is  the  distorted  helix  for  0<h<h,  =0.334,  the 
spin-flop  phase  for  h1<h<h2=l.4l9,  the  fan  phase  for 
h>h2.  In  Fig.  3  we  show  the  zero  temperature  magnetiza¬ 
tion,  where  two  first-order  phase  transitions  occur  at 
h=hl  =0.334  and  A  =  A2=1.419,  respectively.  The  magneti¬ 
zation  jumps  are  very  small  (Am  =0.049  at  ft,  and  Am 
=0.010  at  A2),  so  that  they  are  expected  to  be  easily  rounded 
off  by  thermal  effects.  Indeed,  Monte  Carlo  simulations  for 
f=0.2  and  0.35  provide  a  smooth  behavior  apparently  con¬ 
sistent  with  the  guess  based  on  the  hypothesis  of  five  spins 
per  unit  cell.6 


FIG.  2.  Static  structure  factor  S(qx  ,0)  for  Hamiltonian  parameters  as  in  FIG.  4.  Static  structure  factor  5(y,  ,0)  for  Hamiltonian  parameters  as  in 
Fig.  1  at  r=0.05  with  4=0.08  (crosses)  and  4=0.1  (dots).  Fig  3  at  r=0.05  with  4=0.3  (crosses)  and  4=0-5  (dots). 
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However,  the  static  structure  5(4,  ,0)  is  expected  to 
show  the  occurrence  of  a  new  peak  at  qx  =  ir  when  h=hi, 
the  disappearance  of  the  peak  at  q,  =  Q-4-n/S  in  the  range 
hi<h<h1,  and  vice  versa  at  h^h2.  Figure  4  shows 
S(qx  ,0),  as  obtained  by  Monte  Carlo  simulation  at  1=0.05 
for  h  =0.3  and  h  =0,5,  where  the  two  peaks  at  q,  =4ir/5  and 
qx  =  rr  are  clearly  seen. 

The  results  we  have  obtained  raise  various  questions, 
since  the  possibility  of  first-order  phase  transitions  from  a 
commensurate  spin  configuration  to  another  configuration 
with  a  different  magnetic  cell  is  a  novel  feature  for  spin 
models  with  continuous  symmetry.  An  interesting  question  is 
about  the  existence  of  a  critical  point  for  the  helix-spin-flop 
phase  transition.  Moreover,  it  is  not  clear  for  the  moment 


what  the  regions  of  the  parameter  space  are,  where  similar 
phase  transitions  occur. 
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Magnetic  properties  in  the  Ising  mixed  spin-1 /2-spin-1  superlattice 

E.  F.  Sarmenlo,  J.  C.  Cressoni,  and  R.  J.  V.  dos  Santos 

Departameruo  de  Ftsica,  Universidade  Federal  de  Alagoas.  57072-340.  Maceio.  Brazil  , 

An  effective-field  theory  that  accounts  for  the  self-spin  correlation  function  is  used  to  derive  the  i 

phase  diagrams  and  magnetization  curves  of  a  magnetic  superlattice,  consisting  of  a  mixed  spin- 

1/2— spin- 1  (with  a  single-ion  anisotropy  D )  alternate  monolayers  of  ferromagnetic  material.  It  is  j 

found  that  the  phase  diagrams  exhibit  a  number  of  interesting  phenomena  resulting  from  the 

dependence  of  the  crystal-field  interaction.  Both  limit  cases  for  very  large  positive  and  very  large 

negative  D  reproduce  respectively  the  r(3D)-S.Q7  and  the  T( 2D)=3.08  Ising  critical  temperatures 

which  are  in  agreement  with  earlier  results.  On  the  other  hand,  in  particular,  no  tricritica)  point  could 

be  found.  The  magnetization  curves  are  presented  for  a  range  of  interaction  strengths  and  D, 

respectively 


I.  INTRODUCTION 

The  recent  advances  of  modem  vacuum  science,  and  in 
particular  epitaxial  growth  techniques,  have  made  possible 
the  preparation  of  a  large  variety  of  magnetic  layered  struc¬ 
tures,  whose  properties  can  differ  drastically  from  the  bulk 
ones.  One  can  envisage  a  superlattice  in  which  the  magnetic 
films  are  in  direct  contact,  namely,  they  are  bound  together 
by  an  exchange  interaction  between  the  interface  atoms. 
Phase  diagrams  in  a  ultrathin  Ising  films,1  two-component 
magnetic  superlatticer  and  infinite  dilute  Ising  superlattice1 
have  been  studied.  More  recently,4  a  spin- 1/2  Ising  model  of 
an  alternating  magnetic  superlattice  was  studied.  In  this  ar¬ 
ticle  we  examine  a  magnetic  superlattice  consisting  of  spin- 
1/2— spin- 1  alternating  monolayers  of  ferromagnetic  material. 
Our  aim  is  to  present  a  discussion  of  the  phase  diagrams  and 
magnetization  curves  in  such  systems. 

II.  MODEL  AND  FORMULATION 

We  consider  an  infinite  simple  cubic  superlattice  in 
which  spin- 1/2  layers  of  material  I  alternate  with  spin- 1  lay¬ 
ers  of  material  2.  The  system  is  described  by  the  following 
Hamiltonian: 

<*-»  (m.n)  <iJ>> 

-Io,(5;')2,  Hi 

where  S"  =  ±  1  and  0,  /x!„  =  ±  1 ,  and  the  summations  are 
carried  out  only  over  nearest-neighbor  (n.n.)  pair  of  spins.  J  ^ 
is  the  exchange  interaction  between  spins  on  the  spin-1  lay¬ 
ers,  which  is  assumed  to  be  /  J,m  =J2  is  the  interaction 
between  spins  at  the  material  1  and  its  n.n.  in  the  material  2, 
and  Jm„=Jj  is  the  interaction  between  spins  on  the  spin- 1/2 
layers.  Di  is  the  single-ion  anisotropy  parameter  at  the  spin-1 
layers. 

The  starting  point  to  discuss  the  statistic  of  our  system  is 
the  evaluation  of  the  mean  values  of  (5f)  and  <(Sf):>. 
For  the  spin- 1/2  layers  the  expectation  value  is  given  by 

</0  =  <tanh(/3£J>,  (2) 


with  P=\/kBT  and  Em  =  'ZnJmnii:n  +  imS] .  As  has  been 
discussed,5  we  can  obtain  the  exact  spin  correlation  function 
for  the  spin-1  layers  as  follows: 


/  2smh<0£,)  \ 

(3) 

‘  1  \  2  cosh(  fiE, )  +  exp(  -  fiD )  / ' 

, /  2  coshl /}£,)  \ 

^  \  2  coshl fiE, )  +  exp(  -  fiD )  /’ 

(4, 

where  =  +  ■  Introducing  a  differential 

operator  V  =  dldx,  we  may  rewrite  Eqs.  12),  (3),  and  (4)  as 

</^>  =  <n„  exp(V/„„i';)n,  exp(  VJlmS:,  ))/U 

(51 

<S;>  =  <n,  exp(V/,(S;in„  explVd^/^OFu)!,.,,.  i6l 

{(S;)):={ll,  exp (VJ^S'l 

xH„  exp(VJ(„/i;))C(x)i,  =  l),  (7) 

where  /(x)=tanh  (fix),  and  the  functions  £(x)  and  G(x)  are 
defined  by 


2  sinh(  fix ) 

(8) 

2  coshl  fix )  +  exp(  -  fiD )  ' 

2  coshl  fix) 

(9) 

2  coshl  fix  )  +  expl  -  fiD ) 

The  exact  equations  (5).  (6),  and  (7)  yield  a  set  of  rela¬ 
tions  between  m  =  (S‘),  q  =  ((S;)‘),  and  the  asso¬ 

ciated  thermal  multiple  correlation  functions  occurring  on 
the  right-hand  side,  and  will  be  used  here  as  the  basis  for  the 
present  formalism.  However,  it  is  clear  that  if  we  try  to  treat 
exactly  all  the  spin-spin  correlations  which  appear  through 
the  expansions  of  these  equations,  the  problem  quickly  be¬ 
comes  mathematically  untractable.  Therefore,  we  restrict 
ourselves  to  the  simplest  approximation  in  which  all  high- 
order  spin  correlations  are  neglected. 

III.  PHASE  DIAGRAMS  AND  MAGNETIZATION 

Within  the  present  framework  the  magnetizations  cr.  m, 
and  the  quadrupolar  moment  q  for  our  layered  simple  cubic 
superlattice  are  given  by 
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FIG.  1.  Phase  diagram  on  the  (/..A)  plane  for  different  values  of 


FIG.  2.  Phase  diagram  on  the  (/fA)  plane  for  different  values  of  J2  ■ 


tT=(ci+<TS})*(qc2+ms2+l-q)2f(x)\,=0,  (10) 


(11.12) 

where  s,=sinh  ( /,V),  c,  =  cosh  (J,V)  ((  =  1-3).  In  order  to 
examine  not  only  the  phase  diagrams  but  also  the  possibility 
of  tricritical  point,  let  us  first  substitute 

9=9a+<7i'"2  +  92'»»+<f3<r2  (13) 

into  Eq.  (12)  to  obtain  the  q’s  coefficients.  Replacing  q  in 
Eqs.  (10)  and  (11)  we  obtain. 

<r=blm  +  b2<r+b3mo2+bim2<T+bsm3+b6<r3,  (14) 

m=aim  +  a2<r+a3mo2+atm2<T+a5m3+afl(rs,  (15) 

where  a’s  and  b’ s  are  coefficients  not  given  here.  By  doing 
successives  substitutions  of  <r  [Eq.  (14)]  into  m  [Eq.  (15)] 
and  by  retain  only  terms  in  m  and  we  obtain 

m=d1m+d2m3.  (16) 

The  second-order  phase  transition  is  determined  by  </,  =  1,  or 
(1  ~  ®i)(l —  b2)  —  a2bi  ■  (17) 

fn  the  vicinity  of  second-order  phase  transition  line,  the 
right-hand  side  of  Eq.  (16)  must  be  positive.  If  this  is  not  the 
case,  the  transition  is  of  the  first  order.  Thus,  the  tricritical 
point  is  determined  from  d  <:~l  and  d2 — 0,  simultaneously. 
However,  our  model  did  not  present  tricritical  points. 


IV.  NUMERICAL  RESULTS 

By  solving  Eq.  (17)  numerically,  we  discuss  the  effect  of 
the  crystal-field  interaction  A=D/./1  on  the  Curie  tempera- 
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ture  le=kBTc/Jl.  In  Fig.  1  we  show  the  transition  lines  or 
the  plane  (tc A)  for  J,=J2  =  1.0  and  different  values  of  J}. 
For  positive  increasing  values  of  A  the  transition  tempera¬ 
tures  tend  to  that  of  a  corresponding  3D  1/2  Ising  model 
in  which  one  has  alternate  sheets  with  J,  or  J}  in-plane 
interactions  and  J2  interplane  interaction.  For  negative  de¬ 
creasing  values  of  A  the  behavior  is  that  of  a  2D  /i=  1/2  king 
model  with  exchange  interaction  J} ,  as  the  magnetization  of 
the  spin-1  plane  vanishes. 

In  Fig.  2  is  shown  the  (fcA)  phase  diagram  for 
•/,  =/3  =  1.0  and  different  values  of./2.  In  the  limit  of  A— >°o 
one  obtains  the  3D  king  critical  temperature.  However, 
when  A-*-°°  the  coupling  between  the  sheets  plays  no  role 
and  the  critical  temperature  is  that  of  a  2D  fi=  1/2  J3  =  1.0 
king  model.  Both  limit  cases  reproduces  rr(2D)=3.08  and 
rc(3D)=5.07  which  are  in  agreement  with  earlier  results. 


FIG.  3.  Magnetizations  and  quadntpoiar  moment  vs  temperature 

(!>*- 1.0). 
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FIG.  4.  Magnetizations  and  quadrupotar  moment  vs  temperature 
(D=-4.0). 


Id  Figs.  3  and  4  we  present  the  behaviors  of  the  order 
parameteis  <r,  m,  and  q  of  the  model  for  two  different  values 
of  D< 0.  We  notice  the  existence  of  two  regimes  for  the 
magnetization  m  of  the  spin-1  sheet.  In  the  first  one  (small 


absolute  value  of  D)  the  magnetization  m  at  low  temperature 
is  driven  by  the  magnetization  tr  of  the  spin-1/2  sheets,  both 
starting  at  the  saturation  limit  and  going  down  to  zero  at  the 
same  critical  temperature.  In  the  second  one  (large  absolute 
value  of  D)  the  anisotropy  field  is  strong  enough  to  retain  the 
spins  of  the  spin-1  sheet  in  the  eigenstate  5=0,  at  low  tem¬ 
perature.  At  higher  temperatures  the  thermal  fluctuations  of  S 
are  biased  by  the  magnetization  cr  and  so  m  initially  in¬ 
creases  and  afterward  goes  to  zero  at  the  same  critical  tem¬ 
perature  as  a.  The  behavior  of  q  is  explained  by  the  same 
reasoning. 
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The  Handscomb  Monte  Carlo  technique  is  used  to  investigate  the  critical  properties  of  5  =t  isotropic 
Heisenberg  ferromagnetic  films  with  nearest-neighbor  interactions.  We  study  a  simple-cubic  lattice 
with  the  number  of  monolayers  £  =  1.2  as  done  previously,  but  we  now  include  the  effects  of 
different  values  for  interlayer  and  intralayer  exchange  parameters.  We  calculate  numerically  the 
temperature  dependences  of  the  correlation  range.  For  the  two-monolayer  film,  for  the  investigated 
temperature  interval  these  results  confirm  our  previous  conclusions  about  the  two-dimensional  type 
of  critical  behavior  of  the  system  with  a  renormalized  (modified)  exchange  parameter.  Numerical 
data  on  the  behavior  of  the  surface-surface  spin  correlation  function  are  also  presented. 


I.  INTRODUCTION 

Recently  some  experimental  work1,2  has  been  done 
to  investigate  the  magnetic  properties  of  quasi-two- 
dimensional  ferromagnetic  systems.  For  example, 
[C6H5(CH2)aNH3]2CuBr4  is  interpreted  as  a  quasi-two- 
dimensional  Heisenberg  nearly  isotropic  ferromagnet3  with 
the  ratio  of  the  intralayer  exchange  to  the  interlayer  interac¬ 
tion  parameter  being  as  low  as  0.04.  The  temperature  of  Ok 
second-order  phase  transition  was  found  from  the  suscepti¬ 
bility  data  to  be  around  10  K  depending  on  the  structural 
index  n. 

Also  the  magnetization  and  longitudinal  susceptibility  of 
2.5  monoatomic  layers  of  3He  adsorbed  on  graphite  are  re¬ 
ported  to  be  well  described  by  the  high-temperature  expan¬ 
sions  and  other  present  theories  of  the  two-dimensional 
Heisenberg  ferromagnet.2  It  is  well  established  that  the  S 
=5  Heisenberg  ferromagnet  with  the  nearest-neighbor  inter¬ 
action  displays  no  phase  transition  in  two  dimensions3,4  at 
finite  temperatures,  as  expected  from  the  Merm in- Wagner 
theorem.5  According  to  the  results  of  the  momentum-shell 
renormalization-group  theory  confirmed  by  quantum  Monte 
Carlo  calculations,  the  susceptibility  and  the  correlation 
range  for  S =3  have  the  following  dependences4  on  the  tem¬ 
perature  in  the  critical  regime  J/T>1: 


2izi)  m-v)- 

(1) 

(T£f)l/Jexp|  — y— j 

(2) 

with  t)x-\.  We  note  here  that  the  quoted  expressions  differ 
slightly  from  those  in  Ref.  4  because  of  differences  in  our 
notations.  Some  expressions  similar  to  Eqs.  (1)  and  (2),  but 
with  different  powers  of  T  before  the  exponential,  were  sub¬ 
sequently  derived  in  Ref.  3. 


'^Deceased. 


In  our  previous  paper4  we  investigated  the  thermal  de¬ 
pendences  of  the  uniform  longitudinal  susceptibility  for  films 
with  one,  two,  and  three  monolayers  by  means  of  the  Hand¬ 
scomb  Monte  Carlo  technique.  Our  results  provide  evidence 
that,  in  a  certain  temperature  interval,  the  temperature  depen¬ 
dences  of  the  susceptibility  and  the  correlation  range  of  the 
£ -layer  film  obey  the  two-dimensional  expressions  [Eqs.  (1) 
and  (2)]  with  the  single  exchange  parameter  J  replaced  by 
LJ.  This  result  may  provide  for  an  explanation  of  the  fact 
that  the  direct  nuclear  exchange  parameter  J =2.1  mK, 
quoted  in  Ref.  2  as  a  result  of  fitting  to  the  analytical  expres¬ 
sions  for  the  two-dimensional  model,  is  the  highest  ever  re¬ 
ported.  In  the  discussion  of  the  results  of  experiment,2  the 
authors  assumed  that  only  one  of  two  completed  monolayers 
of  3He  was  magnetized,  thus  forming  the  two-dimensional 
Heisenberg  system.  However,  if  we  assume  both  monolayers 
to  be  magnetized,  we  fit  the  same  two-dimensional  tempera¬ 
ture  dependences  of  the  susceptibility  and  the  correlation 
range,  but  now  the  fitting  exchange  parameter  corresponds  to 
2 J\  hence  J  should  be  half  the  value  quoted  in  Ref.  2. 

The  aim  of  the  present  paper  is  to  continue  the  numerical 
investigation  of  the  critical  properties  of  ultrathin  monocrys¬ 
talline  films  with  the  5=  |  isotropic  Heisenberg  ferromag¬ 
netic  Hamiltonian  on  the  simple-cubic  lattice  and  the  number 
of  monolayers  £  =  1,2.  By  applying  the  numerical  technique 
described  in  our  previous  paper,6  we  calculate  the  tempera¬ 
ture  dependences  of  the  correlation  range,  incorporating  the 
effects  of  the  modified  exchange  parameter. 


H.  THE  HAMILTONIAN  ANO  THE  PROCEDURE  OF 
CALCULATION  OF  THE  CORRELATION  RANGE 

As  before,6  we  take  the  thin  film  to  be  finite  in  one 
dimension  with  two  equal  surfaces  and  infinite  in  the  other 
two  dimensions.  The  Hamiltonian  thus  has  the  following 
form: 
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M.  NUMERICAL  RESULTS  AND  DISCUSSION 


FIG.  5.  The  temperature  dependence  of  the  surface-surface  correlator  for  the 
two-layer  film  A,  J"’=2JM,  B.  V-O.i Ju. 


Wc  apply  the  standard  Handscomb  procedure  for  the  5  =  j 
isotropic  Heisenberg  ferromagnet  (see,  e.g..  Ref.  4  and  ref¬ 
erences  therein).  To  obtain  the  expression  for  the  estimator  of 
the  in-pla-.e  correlation  range,  (,  we  first  calculate  the  in¬ 
plane  correlation  function  g(r)=(S(r)S(0)).  However,  when 
calculating  this  function  we  take  into  account  only  the  pairs 
of  spins  that  belong  to  the  same  monolayer  and  the  spatial 
radius  vector  r  lying  within  the  film  plane  and  co-directed 
with  the  sides  of  the  elementary  plaquette.  Within  this  as¬ 
sumption  the  spins  are  separated  by  a  distance  equal  to  an 
integer  multiple  of  the  lattice  constant.  The  procedure  of 
evaluation  of  g(r)  is  as  follows: 

(1)  At  each  step  of  the  Markov  chain  we  make  a  random 
choice  of  the  lattice  site  i. 

(2)  We  choose  randomly  the  distance  |r|  so  that  it  does 
not  exceed  N/2,  N  being  the  linear  size  of  the  system. 

(3)  We  define  the  second  lattice  site  j  as  having  one  of 
the  two  in-plane  coordinates  equal  to  that  of  i  and  the  second 
in-plane  coordinate  shifted  by  |r|  with  respect  to  in-plane 
periodic  boundary  conditions. 

(4)  We  calculate  the  quantity  0.25A,,  for  the  pair  of  sites 
i  and  j,  with  A,j  =  1  when  i  and  j  belong  to  the  same  cycle  of 
the  current  permutation  P(Cr)  and  A,y=0  otherwise. 

(5)  We  average  this  quantity  along  the  Markov  chain. 

Having  calculated  the  described  correlation  function  we 

then  calculate  the  correlation  range  as 


2  /  (  E  gin) 


(3) 


A.  Ont  Uryr  film  (tht  two-dlmant  tonal  modal) 

We  calculated  the  thermal  dependences  of  the  correlation 
range  f  for  the  systems  with  the  numbers  of  sites  N  x  N, 
N  =  10,  15,  20,  30, 40,  a  ,  80,  and  120  within  the  temperature 
interval  0.4«77J  « 1 .3.  Markov  chains  varied  from  200 
Monte  Carlo  (MC)  steps/spin  for  TlJ»  1.0  to  500  MC  steps/ 
spin  for  0.4«T/7«1.0.  The  averaging  was  made  over  the 
second  half  of  Markov  chain,  the  first  half  being  left  for  the 
relaxation.  A  comparison  between  our  results  and  the  theo¬ 
retical  expression  for  f  in  Eq.  (2)  is  shown  in  Fig.  1.  The 
slope  of  the  straight  line  approximating  the  obtained  depen¬ 
dence  of  ln[£C//r)1/2]  vs  JIT  is  2.8,  which  is  close  to  the 
theoretical  value  it  for  S  =  j.  The  difference  between  our  re¬ 
sults  for  £  and  those  of  Ref.  4  can  be  possibly  explained  by 
differences  in  the  definitions  of  £  in  the  two  cases. 

B.  Two-tayar  film 

In  this  case  we  introduce  different  constants  of  the  ex¬ 
change  interactions  in  the  surfaces  and  inside  the  film.  Under 
consideration  were  the  systems  with  the  linear  size  A/=10, 
20,  30,  40,  60,  and  80  spins.  Our  results  for  $  (see  Fig.  2)  in 
the  case  Jsb=Jbb  fit  the  expression  in  Eq.  (2)  with  the  expo¬ 
nential  power  5.8,  i.e.,  approximately  twice  our  value  2.8  for 
the  two-dimensional  system.  We  previously  employed  simple 
theoretical  arguments6  to  support  this  kind  of  behavior  based 
on  the  fact  that  the  transverse  correlations  (see  Fig.  5  of  Ref. 
6)  are  saturated  in  the  critical  regime,  providing  for  an  effec¬ 
tive  two-dimensional  Hamiltonian. 

Similar  conclusions  can  be  done  for  the  case  of 
J'b-2Jbk  (see  Fig.  3).  For  the  exponential  power  in  Eq.  (2) 
we  get  the  value  of  5.9,  which  is  close  to  the  above  value  of 
5.8.  The  surface-surface  correlations  for  this  case  are  stron¬ 
ger  than  those  for  the  previous  one  (e.g.,  see  Fig.  4,  curve  A). 

Next,  we  studied  the  same  system  with  Jsb=  0.3766.  The 
results  of  our  calculations  for  the  temperature  dependence  of 
f  are  presented  in  Fig.  4  and  the  temperature  dependence  of 
the  surface-surface  correlator  is  shown  in  Fig.  5,  curve  B  (see 
Ref.  6  for  the  details  of  its  definition).  Because  the  correla¬ 
tions  between  the  surfaces  are  much  weaker  now,  we  expect 
the  two-dimensional  behavior  of  the  modeled  system  to  be 
less  apparent.  To  test  this  we  tried  to  fit  our  results  to  the 
same  two-dimensional  dependence,  Eq.  (2).  The  exponential 
power  (i.e.,  the  slope  of  the  straight  line  approximant  in  Fig. 
4)  appeared  to  be  4.4,  which  is  much  smaller  than  in  the  two 
previous  cases. 
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CdCr(2-2x)Iii(lt)S4  is  a  highly  frustrated  magnetic  system  based  on  CdCr2S4,  a  well-known 
Heisenberg  3D  ferromagnet.  A  study  is  presented  of  its  static  critical  properties  as  a  function  of 
concentration,  performed  by  low-field  superconducting  quantum  interference  device  SQUID 
magnetometry  and  small-angle  neutron-scattering  SANS  techniques.  Samples  were  prepared  from 
isotopic  cadmium  luCd  with  a  low  absorption  cross  section  for  thermal  neutrons.  Magnetic 
measurements  performed  with  low  dc  fields  in  the  temperature  range  5-300  K  allow  one  to 
determine  the  magnetic  state  of  the  samples,  the  reentrant  temperature  Tc ,  the  Curie  temperature 
Tc ,  and  the  critical  exponent  y  of  the  susceptibility  above  Tc  as  a  function  of  dilution  in  the  domain 
0<*<0.15.  By  directly  measuring  the  critical  magnetic  fluctuations  in  zero  field  in  SANS 
experiments,  access  is  gained  to  the  magnetic  correlation  length  £,  its  exponent  v  above  Tc ,  and 
another  independent  determination  of  y.  Whereas  the  pure  compound  exhibits  exponents  (7=  1.37, 
v=0.70)  compatible  with  a  3D  Heisenberg  ferromagnetic  model,  a  pronounced  increase  of  measured 
exponents  with  dilution  was  found,  namely  y=  1.97,  v- 1.03.  The  results  are  compared  to  the  ones 
of  similar  studies  in  the  related  system  Er^, -x)Sr(J,S  and  to  the  renormalization  group  treatment  of 
strongly  random  ferromagnets,  and  possible  mechanisms  to  explain  how  a  small  dilution  can 
provoke  large  alterations  in  the  critical  behavior  and  move  the  system  in  the  strong  disorder  region 
are  discussed. 


I.  INTRODUCTION  H.  SUPERCONDUCTING  QUANTUM  INTERFERENCE 

DEVICE  MEASUREMENTS 


Disordered  magnetic  systems  with  competing  interac¬ 
tions  usually  display  a  very  specific  phase  diagram  charac¬ 
terized  by  reentrance  phenomena:  With  decreasing  tempera¬ 
ture,  the  system  first  undergoes  a  paramagnetic- 
ferromagnetic  transition  (PM-FM)  at  Tc,  then  at  a  lower 
temperature  Tc  reenters  a  magnetic  state  with  spin-glass-like 
properties. 

Despite  a  prolonged  interest  shown  in  the  study  of  these 
systems,  no  general  consensus  regarding  the  exact  nature  of 
the  different  phases  has  emerged  so  far  and  even  the  occur¬ 
rence  of  a  real  PM-FM  transition  at  Tc  is  still  questioned.1 
Most  experiments  on  amorphous  metallic  alloys2  tend  to 
confirm  theoretical  predictions  of  an  unchanged  critical  be¬ 
havior  at  Tc  but  recent  experiments  in  insulating  systems3 
appeared  to  be  consistent  with  renormalization  group 
predictions4  that  effective  critical  exponents  should  change 
in  the  limit  of  strong  disorder. 

The  above  considerations  prompted  us  to  undertake  a 
detailed  low-field  magnetization  study  in  conjunction  with 
small-angle  neutron-scattering  (SANS)  experiments  of  the 
alterations  with  dilution  in  the  critical  behavior  observed 
along  the  PM-FM  transition  line  of  an  insulating  system,3 
namely  CdCr2_2xIn2xS4. 
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We  carried  out  low-field  magnetization  with  a  commer¬ 
cial  superconducting  quantum  interference  device  (SQUID) 
magnetometer  from  Cryogenic  Consultants,  Ltd.  Measure¬ 
ments  were  done  in  very  small  dc  fields  (//«  40  Oe)  by  an 
extraction  method  throughout  a  second-order  gradiometer.  A 
calibrated  flux  attenuator  is  automatically  switched  on  for 
huge  signals,  e.g.,  in  ferromagnetic  phases.  Residual  mag¬ 
netic  fields  (//« 1  Oe)  were  carefully  taken  in  account.  Pow¬ 
der  samples  (nr<0.04  g)  enclosed  in  a  plastic  capsule  and 
placed  in  a  variable  temperature  insert  were  thermalized  by  a 
regulated  helium  gas  flow.  Temperature  was  controlled  by 
two  thermometers  and  the  gradient  along  the  6  cm  extraction 
path  was  always  kept  lower  than  0.2%. 

We  present  in  Fig.  1  initial  susceptibilities  of  all  four 
measured  samples.  The  three  more  concentrated  samples 
saturate  at  0.4  emu/cm3,  corresponding  to  the  inverse  demag¬ 
netizing  factor  for  2:1  cylinders.5  Only  the  two  x  =  0.00  and 
*  =  0.05  samples  present  a  well-defined  PM-FM  transition; 
the  following  sample  with  *=0.10  has  a  very  high  suscep¬ 
tibility  but  reaches  the  demagnetizing  factor  over  a  very 
small  temperature  range  and  no  clear  divergence  of  the  sus¬ 
ceptibility  is  observed;  the  last  sample  with  *=0.15  behaves 
like  a  good  spin  glass.  The  small  slope  in  the  *  =  0.00 
sample  susceptibility  below  Tc  may  indicate  a  slightly  in 
homogeneous  demagnetizing  field  in  this  powdered  sample 
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FIG.  1.  Initial  magnetic  susceptibility  of  for  0.00<x 

<0.15  measured  in  low  dc  fields. 


but  the  pronounced  decrease  in  the  x  =  0.05  and  x  =  0. 10 
susceptibility  at  low  temperature  comes  from  a  reentrant  dis¬ 
ordered  phase.  We  list  in  Table  I  characteristic  temperatures: 
Tc  deduced  from  thermoremanent  magnetization  and  Tc  de¬ 
duced  from  the  divergence  of  the  true  susceptibility.  The  true 
susceptibility  xo 's  obtained  from  the  measured  one  xm  after 
corrections  of  the  demagnetizing  field,  using  the  standard 
formula:  1/t„  =  l/y0  +  A/.  We  restricted  our  analysis  to  the 
temperature  domain  where  uncertainties  on  the  demagnetiz¬ 
ing  factor  N  yield  errors  less  than  5%,  i.e.,  for  a  reduced 
temperature  range  r>8x  10-3.  Data  for  the  two  ferromag¬ 
netic  samples  were  analyzed  above  Tc  according  to  new 
scaling  arguments6  involving  the  nonlinear  reduced  tempera¬ 
ture  r=  1  -  TCIT.  Following  this  approach,  we  looked  for 
the  divergence  of  the  product  xo?  against  the  reduced  tem¬ 
perature  r.  We  display  in  Fig.  2  the  critical  behavior  of  the 
two  ferromagnetic  samples:  Fitted  values  of  the  effective  ex¬ 
ponent  measured  in  the  range  8X10'3<t<2x10'1  are 
y=1.36±0.02  for  the  pure  compound,  y=  1.9 ±0.1  for  the 
x  =  0.05  compound. 

Our  measurements  on  the  pure  compound  compare  well 
with  ac  susceptibility  results7  giving  y=  1.38  and  to  the  theo¬ 
retical  prediction*  for  3D  Heisenberg  ferromagnet  y=  1.386. 
The  effective  exponent  found  in  the  x-0.05  sample  is  very 
close  to  the  limiting  value  y=2  of  the  theory  for  strong 
disorder.4  This  striking  variation  of  critical  behavior  with  a 
dilution  as  small  as  5%  is,  however,  consistent  with  the  prox¬ 
imity  of  the  critical  concentration.  Deviations  at  smaller  re- 
duced  temperatures,  as  seen  in  the  pure  compound  ac 
susceptibility7  or  predicted  by  the  theory  for  dilute  samples, 
are  beyond  the  precision  of  our  measurements  at  the  no- 


TABLE  I.  Onnctcriatic  temperatures  Tc  (reentrant  or  spin  glass)  and  Tc 
(ferromagnetic)  of  CdCr2  ZiInz,S,  as  a  function  of  the  dilution  x. 


X 

Tc  (K) 

Tc  <K) 

0.00 

84.3  ±0.2 

0.05 

10.81:0.2 

68.5  ±0.5 

0.10 

18.2*0.3 

<35  r 

0.15 

16.91:0.1 

Temperature  where  die  dc  susceptibility  reaches  is  maximum. 
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FIG.  2.  Critical  behavior  of  CdCr,  Solid  symbols  for  r  -  0  (KJ , 

open  symbols  for  r  =  0.05.  Solid  lines  are  fits  of  Use  y  exponent:  y=  1.36  for 
x  =  0.00  and  y=1.9  for  x-0,05. 

ment.  However,  we  can  see  in  Fig.  2  that  in  both  samples  the 
effective  exponent  y<r)=-A  In  x<J!&  Mr)  increases  with 
temperature.  Such  a  behavior  has  also  been  observed  in 
amorphous  metallic  alloys.6 

IN.  SANS  EXPERIMENTS 

SANS  experiments  were  performed  at  the  Orphce  reac¬ 
tor  of  the  “Laboratoire  Leon  Brillouin”  (Paris,  France)  on 
the  PAXY  and  PAXE  spectrometers,  with  a  neutron  wave¬ 
length  at  6  A  (±5%),  64X64  cm2  multidetector,  and  a 
detector-sample  distance  of  5  m  giving  a  Q  range  of  0.008- 
0.08  A"1.  Samples  were  placed  in  an  ILL  standard  “orange” 
cryostat  with  sapphire  windows  and  the  sample  temperature 
was  regulated  by  an  ILL  controller  with  an  accuracy  better 
than  0.01  K.  Inelastic  scattering  measurements  performed  on 
triple-axis  spectrometers  (to  be  described  in  a  forthcoming 
article),  justify  the  quasielastic  approximation  in  the  SANS 
experiments  on  all  measured  samples.  Data  repotted  below 
are  averages  of  the  observed  intensities  over  rings  concentric 
with  the  incident  beam.  A  room-temperature  background 
(T>3TC)  was  subtracted  in  order  to  obtain  the  magnetic 
intensity  after  standard  corrections  for  multidetector  effi¬ 
ciency.  Keeping  a  balance  between  limited  neutron  beam 
time,  good  transmission  of  samples  (T~0.80-0.95),  and 
the  rapid  decrease  of  the  magnetic  signal  with  temperature, 
we  have  restricted  our  study  to  the  reduced  temperature 
range  8X10"3<r<10“1. 

The  principal  finding  was  that  for  each  temperature  the 
magnetic  scattering  integrated  over  all  inelastic  processes  at 
all  £  is  very  well  described  by  a  single  Lorentzian  as  can  be 
seen  for  the  x= 0.05  sample  in  Fig.  3.  This  result  enables  us 
to  extract  easily  from  the  spectra  the  isothermal  susceptibil¬ 
ity  To  (without  any  demagnetizing  corrections)  and  the  in¬ 
verse  correlation  range  k  (f=l  /*  being  the  correlation 
length).  Whereas  the  x=0.0  and  x  =  0.05  samples  have  a 
similar  behavior  compatible  with  a  divergence  of  To  sod  k, 
for  the  x=0.10  sample  To  does  not  diverge  and  k  does  not 
reach  a  resolution-limited  value.  These  findings  corroborate 
the  SQUID  results  and  establish  that  the  critical  concentra¬ 
tion  xc  for  the  disappearance  of  a  true  ferromagnetic  order 
must  be  slightly  smaller  than  0.10;  for  this  concentration 
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FIG.  3.  Inverse  magnetic  intensity  of  SANS  spectra  for  the  x  =  0.05  sample 
at  different  temperatures  close  to  Tc .  Solid  lines  display  Lorentzian  fits  to 
the  data. 


ferromagnetic  correlations  are  very  large  but  do  not  diverge. 

We  analyzed  the  critical  behavior  in  a  similar  way  as  for 
the  SQUID  results,  i.e.,  looking  for  the  divergence  of  \0T 
and  k  against  the  reduced  temperature  r=  1  -  Tc/T.  Apart 
from  a  slight  shift  (0.3  K)  in  critical  temperatures  indicating 
some  mismatch  in  the  thermometer  calibrations,  extracted 
values  of  the  y  exponent  are  fully  compatible  with  the 
SQUID  finding  of  a  strong  increase  with  dilution:  y=  1.37 
±0.02  for  the  pure  compound,  y=1.97±0.09  for  the 
_r  =  0.05  compound. 

As  pictured  in  Fig.  4,  the  inverse  correlation  length  * 
obeys  the  standard  scaling  law:  k-k^t  *.  We  obtained  from 
least-square  fits  to  the  data  v=0.70±0.0l,  <c0=0.361  ±0.015 
A-1  for  the  pure  sample,  and  p=1.03±0.03,  «j=0.452 
±0.010  A-1  for  the  x  =  0.05  sample.  The  pure  sample  ex¬ 
ponent  corresponds  nicely  to  the  predicted  value8  for  a  3D 
Heisenberg  ferromagnet  and  dilute  sample  exponent  being 
equal  to  the  limiting  case  of  the  theory  can  be  viewed  in  this 
framework  as  if  the  sample  has  already  been  pushed  in  the 
strong  disorder  limit.  The  critical  amplitude  Kq  decreases 
with  dilution,  this  variation  being  compensated  in  Fig.  4  by 


(T-Tc)  /  T 


FIG.  4.  Critical  behavior  of  the  correlation  length  to  CdCr; .  ^!nZlS,  Solid 
symbols  for  x =0.00,  open  symbols  for  *=0.05.  Solid  lines  are  tits  of  the 
v  exponent:  a=0.70  for  *=0.00  and  v=1.03  for  x -0  05. 


the  exponent  increase  In  the  end,  at  each  reduced  tempera¬ 
ture,  the  correlation  length  in  the  dilute  sample  is  markedly 
larger  than  in  the  pure  sample. 

IV.  DISCUSSION 

We  have  determined  that  the  critical  concentration  for 
ferromagnetic  order  in  the  CdCrv.vJn^Sa  system  is  close  to 
0.10  and  we  measured  the  critical  behavior  for  ferromagnetic 
samples  by  SQUID  and  SANS  techniques.  Critical  expo¬ 
nents  y  and  v  change  as  predicted  by  the  theory  from  ap¬ 
proximately  their  pure  values  toward  y=2  and  s>=  1  when 
going  from  the  pure  compound  to  the  critical  concentration. 
As  for  the  correlation  lengths  we  can  add  that  they  behave  on 
a  reduced  temperature  scale  like  in  the  AuFe  metallic 
system:'1  Close  to  the  critical  concentration,  ferromagnetic 
correlations  in  disordered  systems  are  much  larger  than  in 
the  pure  system,  inducing  a  wider  critical  region  and  a  larger 
number  of  correlated  magnetic  atoms  despite  the  dilution. 
This  feature  common  to  a  metallic  and  an  insulating  system 
must  be  characteristic  of  disordered  frustrated  systems,  re¬ 
gardless  of  details  of  magnetic  interactions.  Few  studies  have 
been  made  on  insulating  compounds,  mainly  on  the 
EU[  _,Sr,S  and  Eu,_JSrIS)1Se,_  (  systems3  where  a  high  de¬ 
gree  of  frustration  can  be  obtained  by  tuning  the  sulfur  con¬ 
centration  y  close  to  a  critical  value  yc  =  0. 10.  For  example, 
the  system  with  y  =  0.20  displays  a  phase  diagram  and  a 
critical  behavior  very  similar  to  ours;  but,  in  CdCr2  ijIn^S, 
frustration  enhancement  goes  with  dilution.  In1*  ions  playing 
a  double  role:  topological  disorder  of  the  Cr3*  magnetic  net¬ 
work  and  increase  of  amiferromagnetic  next-nearest- 
neighbor  interactions,  as  seen  in  nudear-magnetic-resonancc 
spectra.10  We  end  up  with  a  site  and  bond  disorder,  which 
becomes  relevant  even  at  dilution  as  small  as  5%  and  desta¬ 
bilizes  very  rapidly  the  ferromagnetic  order.  The  enhanced 
frustration  lowers  the  transition  temperature  allowing  ferro¬ 
magnetic  correlations  to  develop  on  larger  scales  and  forcing 
them  to  diverge  more  abruptly  at  Tc ,  as  seen  in  the  increase 
of  critical  exponents. 
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Thermodynamical  properties  of  a  Heisenberg  model 
with  Dzyaloshinskl-Morfya  interactions 
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Within  the  framework  of  a  new  correlated  effective-field  theory  (CEF)  the  effects  of  the 
Dzyaloshinski-Moriya  (DM)  interactions  on  magnetic  properties  of  the  spin-5  anisotropic 
Heisenberg  model  are  discussed.  The  CEF  theory  is  based  on  a  generalized  but  approximate  Callen- 
Suzuki  spin  relation  for  cluster  with  two  spins,  and  makes  use  of  the  Honmura-Kaneyoshi 
exponential  operator  technique.  The  phase  diagram  and  the  thermal  behavior  of  magnetization  are 
analyzed  for  the  simple  cubic  lattice,  and  compared  with  the  corresponding  two-spin  cluster 
mean-field  (MFA)  predictions.  It  is  shown  that  for  the  easy  direction  (D=Dz,  where  D  is  the  DM 
vector  coupling),  the  model  exhibit  a  identical  point  (TCP),  at  which  the  phase  transition  changes 
from  second  to  first  order.  The  TCP  is  explicitly  obtained,  and  the  Identical  temperature,  T, ,  is 
independent  of  the  exchange  anisotropy  parameter  A  (A=0  and  A=l,  correspond  the  isotropic 
Heisenberg  and  Ising  models,  respectively),  while  the  Identical  parameter,  D, ,  has  dependence  on 
A.  In  spite  of  its  simplicity,  the  present  CEF  formalism  yields  results,  which  represent  a  remarkable 
improvement  on  the  usual  MFA  treatment. 


Recently,  models  with  Dzyaloshinski-Moriya  (DM)  in¬ 
teractions  have  been  studied  in  the  literature,  for  describing  a 
certain  class  of  insulators'  and  reentrant  spin  glass.2  Some 
qualitative  aspects  of  the  phase  diagram  of  the  spin-5  aniso¬ 
tropic  Heisenberg  model  with  DM  interactions  have  recently 
been  analyzed  by  Cordeiro  el  aL 3  by  using  renormalization 
group  technique.  On  the  other  hand,  only  very  recently  a 
complete  study — including  all  regions  of  interest  in  the  pa¬ 
rameter  space — of  the  phase  diagram  of  this  model  has  been 
made  within  an  appropriated  version  of  mean-field  (MFA) 
treatment.4  As  a  new  find,  it  was  shown  in  Ref.  4  that  the 
corresponding  MFA  scheme,  although  analytically  simple, 
leads  to  the  prediction  of  a  tricritical  point  (TCP)  in  the 
anisotropic  Heisenberg  model  with  DM  interactions,  which 
has  improperly  been  overlooked  in  all  previous  calculations. 

The  main  purpose  of  the  present  paper  is  to  employ  the 
same  approximate  procedure  of  Ref.  5  to  study  an  extended 
spin-5  anisotropic  Heisenberg  model  described  by  a  Hamil¬ 
tonian,  which  consists  of  anisotropic  dipolar  exchange  and 
DM  interactions,  and  examine  the  existence  of  TCP  in  the 
phase  diagram  (see,  for  instance  Ref.  6).  The  Hamiltonian  in 
study  is  given  by 


[(1-A)(S^+S{’SJ’)+S?S?] 

-X  D-(S,xSp,  (1) 

0 

where  the  coupling  constant  J  >0  is  restricted  to  the  nearest- 
neighbors  pans  of  spins,  Ae[0,l]  is  the  exchange  anisotropy 
parameter  and  D  is  the  DM  interaction  parameter. 

The  determination  of  the  average  magnetization  per 
sites,  defined  by  m  =  ((l/AT)  Sf'.jSf)  (where  N  is  the  num¬ 
ber  of  sites  of  the  cluster),  is  obtained  from  the  approximate 
Callen-Suzuki  relation  derived  in  Ref.  7,  that  for  N=2  is 
given  by 


/l>Ii.2}(l)(S1+SS)«-^i.n\ 

\  Tr,,  2(e'<w|i.2|  /  ’ 

with 


"(i.z}“-^[0-A)(SlSj+S?S?)+StS'2]-D-(S,xS2) 

-(aiS\+a2S!2),  (3) 

where  a,  (i=  1,2)  =  S<  JS*+s  with  S  denoting  an  elemen¬ 
tary  lattice  vector  and  fi=(kgT)~'.  Here  <•••)  indicates  the 
usual  canonical  thermal  average  and  Tr(u,  is  the  partial  trace 
over  the  set  {1,2}  of  spin  variables. 

Using  Eqs.  (3)  and  (2),  and  D—Dz,  the  average  magne¬ 
tization  is  given  by 


sinh(u-t-u) 

cosh(u  +  t>)  +  e~2X  coshV(u-u)2  +  H’ 

where  u  =  fiai  =  2g  KSi  +  gt  v  —  0a2  =  2g  KS2+g,  and 
>v  =  4K2[(l  -  A)2+£>J],  with  D0=D/J  and  K=pj 

By  using  the  exponential  operator  technique  intro¬ 
duced  by  Honmura  and  Kaneyoshi,8  namely 
exp (aDj+ bDy)g(x,y)=g(x  +  a,y  +  b),  where  Dx*(i?/<?X) 
(X=x,y)  are  the  differential  operators,  and  also  using  the 
van  der  Waerden  identity  for  the  two-state  spin  system  [i.e., 
exp(XSf)  =cosh  \+Sf  sinh  X)  and,  finally,  using  a  decou¬ 
pling  procedure  that  ignores  all  high-order  spin  correlations 
(i.e.,  (S‘S---S’)=(S‘)-~(S*„),  i*j*  -*n),  Eq.  (4)  may 
be  written  as 


«  =  (  II  (c,+mSl)  II  ( cy+ms,)  \  g(*,y)L,,„o, 

\>i  h  I 

(5) 

where  c,=cosh  KDt  and  s,=sinh  KD„  with  (v=x,y),  and 
the  function  g(x,y),  defined  by 
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FIG.  1.  The  variation  of  K~ 1  as  a  function  of  X=  +  U  ”  A)2  for  a 
simple  cubic  lattice  {2  =6),  obtained  in  the  present  CEF  and  in  the  MFA4 
treatments.  The  black  point  denotes  the  TCP.  Continuous  and  dashed  lines 
represent,  respectively,  stable  and  unstable  solutions  of  Eq.  (7). 


sinhU  +  y) 

«(*,y)  = - — - - - - .  (6) 

cosh(x+y)  +  e  4"  coshv(x-y)  +tv 

In  Eq.  (S),  z  is  the  lattice  coordination  number. 

Utilizing  the  fact  that  <I>c»eI1(D,,0y)g(*,y)|Jt.y=o  ,  valid 
for  any  even  functional  d>(D,  ,Dy),  and  by  expanding  the 
right-hand  side  of  Eq.  (5),  one  obtains  the  following  equation 
for  m: 

m=A1nt+A}mi+A5m5+A7m9+A9m9,  (7) 

where  the  coefficients  A.  (n  =  1,3, 5. 7, 9),  which  are  not  ex¬ 
plicitly  present  here,  are  temperature  dependent  and  also 
functions  of  the  parameters  A  and  D0.  The  equation  (7)  with 
D0= 0  reduced  to  the  equation  obtained  in  Ref.  5. 

According  to  Eq.  (7)  the  second-order  critical  transition 
temperature  (K~ ')  is  obtained  from  the  condition  A 1  =  1  with 
A3<0  (stable  solution),  and,  when  A3>0  an  unstable  solu¬ 
tion  appear.  The  point  at  which  A,  =  l  and  A3=0  (with 
As<0),  separating  the  stable  (A3<0)  and  the  unstable 
(A3>0)  solutions,  is  the  tricritical  point  (TCP),  at  which  the 
system  undergoes  a  first-order  phase  transition.  An  analogous 
expression  like  Eq.  (7)  were  obtained  in  Ref.  4  within  a 
two-spin  cluster  mean-field  treatment. 

At  this  point,  it  is  worth  mentioning  that  the  reduced 
transition  temperature  in  the  absence  of  the  DM  interaction 
[i.e.,  K~'  (A;D=0)],  obtained  within  the  present  CEF  pro¬ 
cedure,  for  the  limit  cases  of  A=1  ('sing)  and  A=0  (Heisen¬ 
berg)  are  given  by  K~l  (A=l)=5.039  and  K~'  (A=0) 
=4.891,  in  complete  contrast  with  the  single  value  of  6.0 
predicted  by  the  one-spin  cluster  MFA  for  the  case  of  z  = 6. 
On  the  other  hand,  the  estimated  values  predicted  by  the 
two-spin  cluster  MFA  scheme  of  Ref.  4  are  Kj'  (A=l) 
=5.847  and  K~l  (A=0)=5.719.  We  recall  that  the  series 
expansions  results  are,  respectively,  4.511  and  3.360.9  Hence, 
such  a  comparison  between  these  results  gives  to  the  present 
CEF  treatment3  some  qualitative,  and,  to  a  certain  extent, 
quantitative  confidence. 

In  Fig.  1,  the  variation  of  the  transition  temperature  K~ 1 
in  the  case  of  z  =  6,  is  plotted  as  a  function  of  a  convenient 


reduced  parameter  X,  defined  by  X  = 
V(1  -  A)2  +D\, obtained  in  both  the  MFA4  and  the  presen! 
correlated  effective-field  approximations  (CEF).  In  the  fig¬ 
ure,  the  solid  and  dashed  lines  represent  the  stable  (A3<0) 
and  unstable  (A3>0)  solutions  of  (7),  respectively,  and  the 
black  points  denote  the  TCP.  As  can  be  seen  in  the  figure, 
when  X  increases  from  zero,  the  critical  second-order  phase 
transitions  lines  decreases  from  its  values  in  the  absence  of 
the  DM  interaction,  reaching  the  TCP  at  (71,  ,D,).  The  tri¬ 
critical  point,  T, ,  is  found  to  be  independent  of  the  exchange 
anisotropy  parameter  A,  with  the  constant  value  of 
T  fEF=2.68.  This  value  should  be  compared  with  the  result 
77fa=3.33  predicted  by  MFA4  [i.e.,  r~*  =  2(z  -  1)/3J. 
On  the  other  hand,  the  tricritical  parameter,  D, ,  is  found  to 
be  A  dependent,  given  by  Df**  =  -Jl . 29-(l  -  A)2,  which 
should  be  compared  with  D“fa  =  \J  1 0. 75  —  ( 1  -  A)2.4  We 
should  note  that  in  both  approximations  one  obtains  the  in¬ 
teresting  result  D,(A  =  0)<D,(A=  1),  indicating  a  possible 
universal  behavior,  since  it  is  independent  of  the  approxima¬ 
tions.  This  tricritical  behavior  of  the  system  may  be  inter¬ 
preted  as  resulting  from  a  competition  between  the  exchange 
interaction  that  tries  to  align  the  spins  in  the  same  direction 
and  the  effect  of  the  DM  anisotropy,  which  has  the  tendency 
to  destroy  this  alignment.  Also,  one  should  note  that  by  im¬ 
posing  the  Ising  limit  A=l,  the  system  Hamiltonian  in  (1) 
reduces  to  a  two-state  (spin-  5)  Ising  Hamiltonian,  in  which 
the  DM  interactions  play  the  same  rule  as  the  single-ion 
uniaxial  crystal  field  anisotropy  term  does  [i.e., 
-D  £f(Sj)2],  in  the  Blume-Capel  models  for  D< 0  (see, 
for  instance.  Ref.  10,  and  references  therein).  It  is  well 
known  that,  for  some  values  of  this  uniaxial  anisotropy  pa¬ 
rameter,  the  Blume-Capel  Hamiltonian  may  exhibit  tricriti¬ 
cal  behavior. 

The  polynomial  equation  (7)  can  easily  be  solved  nu¬ 
merically  in  order  to  get  m  as  functions  of  the  reduced  tem- 


FIG.  2.  Temperature  dependences  of  m  in  the  present  CEF  approximation, 
for  the  Ising  limit  (i.e.,  4=  1),  and  for  selected  values  of  D0=D/J  (numbers 
on  the  corves),  on  a  simple  cubic  lattice  (z=6).  Solid  and  dashed  lines  refer 
to  the  stable  and  unstable  solutions  of  (7),  while  the  dashed -dotted  line  in 
tbe  curve  labeled  3.5  is  to  stress  the  discontinuousity  of  the  magnetization 
for  D0»Dt  (4=1),  in  which  region  tbe  first-order  phase  transitions  appear. 
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perature  ktTIJ,  as  well  as  its  dependence  with  the  other 
parameters  A  and  Du .  Figure  2  shows  the  results  for  the 
temperature  dependence  of  m  in  the  case  A  - 1  (Ising  limit), 
for  some  typical  values  of  D0  (the  numbers  associated  with 
each  curve).  The  continuous  lines  represent  physically  stable 
solutions  of  (7),  while  the  dashed  lines  are  the  unstable  ones. 
As  one  can  see  from  Fig.  2  for  values  D0  =  1 .8  and  2.6,  the 
magnetization  falls  smoothly  to  zero  when  the  temperature 
increases  from  zero  to  Tc ,  characterizing  a  second-order 
phase  transition.  Note  that  for  the  case  D0=2.6,  we  also  find 
unphysically  unstable  solutions  of  (7),  which  are  described 
by  the  dashed  curve  labeled  2.6  in  Fig.  2.  These  unphysical 
solutions  of  (7)  are  also  represented  by  the  dashed  regions  of 
the  curves  in  Fig.  1.  On  the  other  hand,  we  also  find  that  for 
D0=3.5>D,  (A=l)  [note  that  D,CEF(A=  1)=2.7],  the  mag¬ 
netization  jumps  discontinuously  from  a  certain  value  m  *  to 
zero,  at  a  temperature  T *  (see  the  curve  marked  3.5  in  Fig. 
2),  which  characterize  a  first-order  phase  transition. 

In  conclusion,  all  these  results  are  also  qualitatively  pre¬ 
dicted  by  our  previous  MFA  calculations,4  and  so,  although 
with  some  quantitative  differences,  the  present  CEF  treat¬ 


ment  provides  a  subsequent  corroboration  (beyond  the  usual 
MFA)  of  the  occurrence  of  a  TCP  in  the  model  under  con¬ 
sideration. 
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A  unified  effective-field  renormalization-group  framework  (EFRG)  for  both  quenched  bond-  and 
site -diluted  lsing  models  is  herein  developed  by  extending  recent  works.  The  method,  as  in  the 
previous  works,  follows  up  the  same  strategy  of  the  mean-field  renormalization-group  scheme 
(MFRG),  and  is  achieved  by  introducing  an  alternative  way  for  constructing  classical  effective-field 
equations  of  state,  based  on  rigorous  lsing  spin  identities.  The  concentration  dependence  of  the 
critical  temperature,  Tc(p),  and  the  critical  concentrations  of  magnetic  atoms,  pc ,  at  which  the 
transition  temperature  goes  to  zero,  are  evaluated  for  several  two-  and  three-dimensional  lattice 
structures.  The  obtained  values  of  Tc  and  pc  and  the  resulting  phase  diagrams  for  both  bond  and  site 
cases  are  much  mote  accurate  than  those  estimated  by  the  standard  MFRG  approach.  Although 
preserving  the  same  level  of  simplicity  as  the  MFRG,  it  is  shown  that  the  present  EFRG  method, 
even  by  considering  its  simplest  size-cluster  version,  provides  results  that  correctly  distinguishes 
those  lattices  that  have  the  same  coordination  number  but  differ  in  dimensionality  or  geometry. 


Over  the  last  several  years  the  real-space  mean-field 
renormalization-group  (MFRG)  method,  introduced  by  Inde- 
keu  era/.,1  has  been  used  to  provide  useful  qualitative  and 
quantitative  insights  into  the  critical  behavior  of  a  wide  va¬ 
riety  of  classical  and  quantum  lattice  spin  systems.11  One  of 
the  most  severe  limitations  of  the  standard  MFRG  is  the 
inefficacy  of  the  method  to  distinguish  lattice  structures.  It  is 
clear  that  within  the  scope  of  the  usual  mean-field  classical 
equation  of  state,  on  which  MFRG  is  based,  the  lattice  sym¬ 
metry  is  lost,  and  the  real  dimensionality  of  the  system  is 
only  partially  incorporated  through  the  coordination  number 
of  the  lattice. 

In  this  work  a  new  unifi.  effective-field 
renormalization-group  framework  (EFRG)  for  both 
quenched  bond-  and  sire-diluted  lsing  models  is  presented  by 
extending  recent  works  on  pure3  and  disordered4  lsing  sys¬ 
tems.  The  scheme,  which  follows  up  the  same  strategy  of  the 
usual  MFRG  approach,1'2  is  based  on  an  alternative  way  for 
constructing  classical  effective-field  equations  of  state,  by 
using  rigorous  lsing  spin  identities  as  a  starting  point.  The 
method  is  achieved  by  treating  the  effects  of  the  surrounding 
spins  of  each  of  the  clusters  through  a  convenient  differential 
operator  expansion  technique  introduced  by  Honmura  and 
Kaneyoshi,5  by  which  all  the  relevant  self-spin  correlations 
are  taken  exactly  into  account.  In  order  to  illustrate  the 
EFRG  procedure  for  diluted  lsing  spin  systems,6  we  discuss 
the  concentration  dependence  of  the  critical  temperature, 
Te(p),  and  the  critical  concentrations  of  magnetic  atoms,  pc , 
at  which  the  transition  temperature  goes  to  zero,  for  several 
two-  and  three-dimensional  lattice  structures.  Here  we  are 
particularly  concerned  with  the  efficiency  of  the  EFRG 
method  versus  lattice  structure  when  working  with  the  small¬ 
est  possible  clusters  sizes;  namely,  clusters  with  one  and  two 
spins.  Thus,  we  perform  calculations  by  looking  especially  at 
those  lattices  having  the  same  coordination  number,  but  dif¬ 
fering  in  geometry  or  space  dimensionality. 


Our  prototype  reduced  Hamiltonian  is  the  spin-;  ferro¬ 
magnetic  lsing  model, 

Ki ±  1),  (1) 

where  for  each  nearest  neighbor  coupling  ,j/kBT)  are 

assumed  to  be  independent  random  variables  with  quenched 
probability  distribution.  The  bond-  and  site-diluted  versions 
of  (1)  are  conceptually  realized  by  assuming  the  parametri- 
zation  K,j=eiiK  (bond  problem)  and  K1(  =  e,etK  (site  prob¬ 
lem),  in  which  the  and  t,  are  random  variables  governed 
by  the  following  quenched  probability  distributions: 
P(8,(*o)=/»,B,<5(eirl)  +  (l-/’(*,)5(eo)  and  PiS\  t,) 
-- p(S>S(e,  -  1)  +  (1  -p,5’)<S(e,),  respectively,  for  the  bond 
and  site  problems,  in  which  piB,{piS) )  are  the  bond  (site) 
concentrations  of  magnetic  atoms. 

We  shall  consider  two  finite  cluster  with  A/ '  =  1  ( crj )  and 
M=2(f7,  and  cr2)  spins  each  of  them  characterized  by  cou¬ 
pling  constants  K'  and  K,  respectively.  According  to  the  ex- 


FIG.  1.  Two- spin  dusters  geometry  on  the  following  lattices.  z~ 4<i)  square 
(a')  Kagome;  z— 6  (b)  plane  triangular  and  (b')  simple  cubic. 
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act  Callen  relations,7  the  average  magnetizations  /nv-(Af)  as¬ 
sociated  to  S'  =  1  and  S =2  clusters,  are  given  by3 

mv.  =  (n/e*;iy";D«)  tanA  zlj.o  (JV'  =  1),  (2) 

m*-<n;e*>>'Anl'e*W>, 

X/(^)L=0;y.0  (W  =  2),  (3) 

where  /(x,y)=sinh(z+y)/[cosh(z+y)  +exp(-2A.12) 
Xcosh(z-y)],  and  Dk  =  d/t)k(\=x,y)  are  the  differential 
operators.  The  products  IV  over  j  and  /  are,  respectively, 
over  the  isolated  nearest-neighbors  spins  of  sites  1  and  2, 
whereas  the  product  FT  over  k  is  restricted  to  the  sites,  which 
are,  simultaneously,  nearest  neighbors  of  both  <r,  and  <r2 
spins.  A  schematic  illustration  showing  the  geometric  struc¬ 
tures  of  the  two-spin  clusters  on  lattices  analyzed  herein,  is 
depicted  in  Fig.  1. 

Equations  (2)  and  (3)  are  exact  and  will  be  used  here  as 
the  basis  of  the  present  formalism.  By  using  the  van  der 
Waerden  identity  [i.e.,  exp(X<r,)=cosh  X+<r,  sinh  X;  VX)  for 
the  exponential  factors  appearing  in  (2)  and  (3),  these  equa¬ 
tions  yield  a  set  of  formal  exact  relations  between  the  clus¬ 
ters  magnetizations  mN’  and  ms  and  corresponding  multi¬ 
spin  correlation  functions  associated  to  the  various  sites  for 


each  cluster  under  consideration.  Here,  in  the  effective-field 
approximation,  we  shall  proceed  as  follows:  we  take,  on  both 
sides  of  these  equations  the  thermal  and  spin  configurational 
averages  (denoted  by  ((•••))c),  then  completely  decouple  the 
multispin  correlation  functions,  namely 
=<(<r,)>c((<r;»c---(<o.))c ,  with  i# jt  ■  ■■  # n.  Based  on  this 
approximation  and  replacing  each  boundary  configurational 
spin  average  ({a-j ))c  ({(<r,))c)  by  the  symmetric  breaking 
mean-field  parameters  b'j(bj),  one  obtains  two  equations  of 
states  for  mN‘  =  (mti)c  and  mN^(mN)c ,  which  by  expand¬ 
ing  up  to  first  order  in  these  parameters  and  assuming  trans¬ 
lational  invariance,  we  have4 

mN.(S'  ,p'-,b')=A{^.(K'  ,p')b'  +  0(b’3)  (S'  —  1 ), 

(4) 

mN(K,p-b)=A^(K,p)b+0(by)  (S=  2).  (5) 

The  coefficients  of  A$  and  A  ^  depend  on  dilution  stud¬ 
ied,  either  bond  or  site  dilution.  By  simplicity,  the  coeffi¬ 
cients  are  given  by 

A^,’(ff',p')=z<cosh(/C'1/),l)4"1  tanh  (6) 


_ 1 

A^(K,p)={2z'(smKlDx))c{cosh(KlDx)yc‘-'(cmb(K2Dy)yc'(cosh[K]Dx+K2Dy])!"+z',(cosh(KlDx)yc' 

X(cosh(KlDy))‘{siiiklKlDx+K2Dy])Acosh(KtDx+K2Dy)y"-'}hx,y)\,.o,  (7) 


r 


where  f(x,y)  means  the  configurational  average  of  f(x,y). 
Here,  z  is  the  lattice  coordination  number,  z'  denotes  the 
number  of  sites  that  are  nearest  neighbors  of  ax  (or  <r2),  but 
no  neighboring  <r2  (or  <7,),  and  z"  denotes  the  number  of  sites 


FtG.  2.  Concentration  dependences  of  the  reduced  critical  temperature 
T.(p)/T,0)  for  the  (a)  bond  and  (b)  site  problems,  on  the  following  Unices: 
sq,  Ka,  tr,  and  sc. 
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that  are,  simultaneously,  nearest  neighbor  of  both  <r,  and  <r2. 
Hence,  z  =  2z'+z"  is  the  total  number  of  nearest-neighbors 
sites  of  the  two-spin  duster  (see  Fig.  1).  Now,  by  imposing 
the  same  scaling  relation  between  the  average  magnetiza¬ 
tions  ihf,’  and  mv ,  and  between  the  parameters  b  and  b' ,  one 
finds  the  following  recursion  relation: 

A^,(K',p')=Af(K,p)  (S'  =  l,Af=2),  (8) 

which  is  independent  of  the  rescaling  factor.  Although  from 
Eq.  (8)  alone  one  cannot  determine  the  complete  renormal¬ 
ization  flew  diagram  in  the  parameter  space  (K,p),  however, 
it  is  reasonable  to  consider  the  solution  of  the  fixed-point 
equation  obtained  from  (8)  by  setting  p=p'  as  critical  points 
Kc(p)  of  the  system. 

Equations  (6)  and  (7)  are  valid  for  any  kind  of  lattice 
structure  characterized  by  numbers  z  and  i.  It  is  clear  from 
(7)  that  the  coefficient  A$(K,p) associated  to  the  two-spin 

TABLE  I,  Values  of  the  critical  percolation  concentrations  p\ ']  in  the  bond 
( tmB)  and  site  (v=S)  problems  for  several  lattice  suuctures  obtained  in  the 
present  EFRG  and  MFRG  (the  numbers  in  parentheses).  The  exact/series 
values  are  taken  from  Ref.  7. 


sq 

Ka 

tr 

sc 

rP 

0.43(0.33) 

0.57(0.33) 

0.28(0.17) 

0.20(0.17) 

Exact/Series 

0.500 

0.449 

0.347 

0.247 

p? 

0.43(0.57) 

0.79(0.57) 

0.64(0.41) 

0.52(0.41) 

Exact/Series 

0.590 

0.652 

0.500 

0.307 
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duster,  incorporate  details  of  the  geometry  of  the  lattice  be¬ 
yond  its  coordination  number  z,  through  the  numbers  z'  and 
z*.  In  order  to  exemplify  the  use  of  Eqs.  (6)  and  (7)  we  have 
obtained  numerically  the  nontrivial  fixed  point  K'=K 
=  K*=KC  solutions  of  Eq.  (8)  (with  p=p')  for  the  square 
(sq),  Kagome  (Ka),  triangular  (tr),  and  simple  cubic  (sc)  lat¬ 
tices.  Note  that  the  square  and  Kagome  are  lattices  having 
the  same  dimensionality  (d=2)  and  common  coordination 
number  (z  = 4),  but  differing  in  geometry,  while  the  triangular 
and  the  simple  cubic  are  lattices  with  same  z=6  but  differing 
in  space  dimensionality  (see  Fig.  1).  The  values  obtained  by 
EFRG  for  the  reduced  critical  temperature  have  distinct  val¬ 
ues  of  K; '  (sq)= 2.794,  K~  1  (Ka) = 2.083,  (tr)=4.101, 

(sc)  =4.993  in  contrast  with  the  unique  values  predicted 
by  MFRG,  i.e.,  K;x  (sq,Ka)=2.885  and  K;'  (tr,sc) =4.926; 
we  recall  that  the  exact/series  values  are  1  (sq)= 2.269, 
K;'  (Ka)=2.143,K;'(tr)=3.641  and  K;‘(sc)=4.511.8 

The  critical  frontiers  associated  to  the  bond-  and  site- 
diluted  Ising  model  are  presented  in  Fig.  2  for  the  sq,  Ka,  tr, 
and  sc  lattices,  respectively.  Tne  bond  (8)  and  site  (5)  criti¬ 
cal  percolation  concentrations  pc ,  at  which  K~l  (pc)  =  0 
obtained  with  this  method,  are  given  in  Table  I. 

The  results  presented  in  Table  1  reveal  that,  in  contrast 
with  the  MFRG  predictions,  the  present  EFRG  correctly  dis¬ 


tinguishes  the  geometry  of  the  lattice  structure.  We  should 
also  remark  that  the  present  EFRG  framework  provides  the 
exact  asymptotic  forms  for  the  critical  lines  simultaneously 
in  both  limits  Te— >0  and  p— >  1. 

We  conclude  by  saying  that  the  satisfactory  comparison 
here  presented,  supports  the  belief  that  the  results  provided 
by  the  EFRG  method  can  be  given  qualitative,  and,  to  a 
certain  extent,  quantitative  confidence. 

This  work  was  partially  supported  by  CnPq  and  F1NEP 
(Brazilian  Agencies). 
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Critical  behavior  of  the  aniaotropic  Heisenberg  model  by  effective-field 
renormalization  group 

J.  Ricardo  de  Sousa  and  I.  P.  Fittipaldi 

Depanamenlo  de  Fisica,  Universidade  Federal  de  Pernambuco,  50670-901  Recife-PE,  Brazil 

A  real-space  effective-field  renormalization-group  method  (ERFG)  recently  derived  for  computing 
critical  properties  of  Ising  spins  is  extended  to  treat  the  quantum  spin- 1/2  anisotropic  Heisenberg 
model.  The  formalism  is  based  on  a  generalized  but  approximate  Callen-Suzuki  spin  relation  and 
utilizes  a  convenient  differential  operator  expansion  technique.  The  method  is  illustrated  in  several 
lattice  structures  by  employing  its  simplest  approximation  version  in  which  clusters  with  one 
(N'  =  1)  and  two  (N= 2)  spins  are  used.  The  results  are  compared  with  those  obtained  from  the 
standard  mean-field  (MFRG)  and  Migdal-Kadanoff  (MKRG)  renormalization-group  treatments  and 
it  is  shown  that  this  technique  leads  to  rather  accurate  results.  It  is  shown  that,  in  contrast  with  the 
MFRG  and  MKRG  predictions,  the  EFRG,  besides  correctly  distinguishing  the  geometries  of 
different  lattice  structures,  also  provides  a  vanishing  critical  temperature  for  all  two-dimensional 
lattices  in  the  isotropic  Heisenberg  limit.  For  the  simple  cubic  lattice,  the  dependence  of  the 
transition  temperature  Tc  with  the  exchange  anisotropy  parameter  A  [i.e.,  7'C(A)],  and  the  resulting 
value  for  the  critical  thermal  crossover  exponent  tfi  [i.e.,  Tc=*Tc(0)+AAs/*  ]  are  in  quite  good 
agreement  with  results  available  in  the  literature  in  which  more  sophisticated  treatments  are  used. 


In  a  series  of  studies,  several  authors  have  generated  the 
real-space  renormalization-group  (RSRG)  approach  to 
quantum-spin  systems  such  as  Heisenberg,  xy,  and  trans¬ 
verse  Ising  models.1-4  In  particular,  one  is  interested  in  the 
effects  caused  by  the  noncommutation  aspects  of  the  Hamil¬ 
tonian.  In  the  absence  of  exact  solutions  for  the  RSRG 
scheme,  any  of  a  number  of  approximations  have  been  pro¬ 
posed  in  the  literature.  Recently  a  new  RSRG  approach  [de¬ 
noted  effective-field  renormalization  group  (EFRG)]4-6  has 
been  introduced  in  the  literature  for  the  Ising  model.  The 
scheme,  which  follows  the  same  strategy  of  the  usual  mean- 
field  renormalization  group  (MFRG),3  is  based  on  an  alter¬ 
native  way  for  constructing  classical  effective-field  equations 
of  state,5  and  provides  results  which  represent  a  remarkable 
improvement  on  those  obtained  by  the  MFRG  method. 

The  purpose  of  this  work  is  to  generalize  the  new  idea  of 
the  EFRG  approach  to  treat  the  quantum  anisotropic  Heisen¬ 
berg  model  with  spin  1/2.  The  method  is  illustrated  for  sev¬ 
eral  lattice  structures  in  which  clusters  with  one  {N‘  =  1 )  and 
two  (AT = 2)  spins  are  used.  We  obtain  the  critical  temperature 
as  a  function  of  anisotropy  parameter  and  the  crossover  ex¬ 
ponent  for  the  simple  cubic  lattice. 

The  anisotropic  Heisenberg  model  has  the  Hamiltonian 
given  by 

[(l-AMSjsy+spp+sssjj,  (i) 

<*» 

where  J>  0  is  the  nearest-neighbor  exchange  interaction,  S" 
(p=x,y,z)  are  components  of  a  spin- 1/2  operator  at  site  i, 
and  A  is  the  exchange  anisotropy  (A=0  and  A=1  correspond 
the  isotropic  Heisenberg  and  Ising  model,  respectively).  The 
critical  temperature  Tc ,  for  A— 0  in  two-dimensional  lattices 
has  been  proved  to  vanish.7 

The  Hamiltonian  (1)  for  clusters  with  one  (ft'  =  1) 
and  two  (A/=2)  spins,  can  be  written  in  the  axial 
approximation8  as 


(2) 


and 


W(1.2)=  -4(1  -A)(${S5+SfS$)  +  Si5S] 

--/(a.Sj  +  u^),  (3) 

whereaj  =  +  i and  a„(n  =  1,2)  =  +  with 

denoting  an  elementary  vector  of  the  lattice  and  z  the  lattice 
coordination  number. 

According  to  the  approximate  Callen-Suzuki  relation 
derived  in  Ref.  9,  the  average  magnetizations  m*.  =  (S[  ) 
and  mw=(  j(S[ +S2))  are  given  by 


»»*'  =  (  II  [c^  +  Sj  +  X]  }tanhjt|=0 


(4) 


and 


mN-  \  II  (Cz  +  Si  +  *SX)I1  +  + 


(5) 


where  c  ,= cosh K  Dv,  s^=sinhKD»  (v=x,y),  D„=<?/<? v, 
and  g(x,y)  is  given  by 


sinh(x+y) 

g^x’y  cosh (x+y)  +  e~2K  cosh  u  ’ 


(6) 


where  u  =  V(*-y)2  +  4K2(l-A)2  and  K=J/kBT. 

Equations  (4)  and  (5)  are  approximate  and  will  be  used 
here  as  the  basis  of  the  present  formalism.  In  the  limit  A=1 
(Ising  model)  both  equations  are  exact,  and  have  been  stud¬ 
ied  in  Refs.  5  and  6.  Here,  we  use  a  decoupling  procedure 
which  ignores  all  high-order  spin  correlations  on  both  right- 
hand  sides  of  Eqs.  (4)  and  (5),  i.e.. 
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..m*: 


(S‘S’  S‘.)~<S‘)(S‘)--<s:h 

with  and  we  adopt  (S1i)=b  and  (Sf')  =  6'  for 

the  clusters  with  N  and  N'  spins,  respectively  (where  b  and 
b'  are  the  symmetric  breaking  effective  fields).  Before  ap¬ 
plying  the  decoupling,  we  should  observe  that  in  Eq.  (5)  sites 
1  and  2  of  the  two-spin  cluster  may  exhibit  a  set  of  common 
nearest-neighbors  sites.  Thus,  Eq.  (5)  can  be  recast  in  the 
following  form; 

II  (c^+55+^st)  I]  (cy+^2+tlsr^ 

\  a,  Sj 


Xn  (Cx+y  +  S‘sSX+y)jg(x<y)\X.,- 0. 


(7) 


where  ci+y— cosh K(DS  +  Dv),  sI+y=sinh  K(D,+ Df),  and 
z'  is  the  number  of  sites  that  are,  simultaneously,  nearest 
neighbors  of  both  S,  and  S2.  Now,  expanding  Eqs.  (4)  and 
(7)  up  to  first  order  in  the  parameters  b  and  b'  one  finds 


mN{K',b‘)=*A$(K')b’  (AT  =  1) 

(8) 

and 

mN(K,A,b)“A^y\K,^)b  (N=  2), 

(9) 

where  the  coefficients  A ^(K')  and  A\j!'\K,A)  are  given 

by 

Ail$>,(K')  =  zsxc‘~i  tanh  x|,=(l 

(10) 

and 

+  z'cZx~t'~lcyZ'~'sx+ycx+y}] 

xgU,y)L,y=o-  (U) 

By  imposing  the  same  scaling  relations  between  the  av¬ 
erage  magnetizations  mN'  and  mN,  and  between  the  fields  b 
and  b',  one  finds  the  following  recursion  relation: 

(12) 

which  is  independent  of  the  scaling  factor. 

The  reduced  critical  temperature  K~ 1  is  the  nontrivial 
fixed-point  solutions  of  Eq.  (12),  K'  =K=K*  =  KC .  For  the 
isotropic  model  (A=0),  we  find  for  the  reduced  critical  tem¬ 
perature  Kc  '*0  for  all  bidimensional  lattices  [such  as, 
square  (z=4,  z'=0),  Kagome  (z=4,  z'  =  l),  triangular 
(z-6,  z'  =  2)  and  honeycomb  (z  =  3,  z'=0)]  which  is  the 
exact  result.7  Other  renormalization-group  treatments1'3  do 
not  correctly  distinguish  the  geometry  and  the  dimensionality 
of  the  lattice  structure,  and  as  a  consequence  this  leads  to 
K'X  values  which  remain  finite  for  the  triangular  and 
Kagome  lattices  in  contrast  with  the  exact  result  K~ 1  *0.7  In 
Fig.  1  the  dependence  of  transition  temperature  Kx  1  with  the 
exchange  anisotropy  parameter  A  is  presented  for  a  triangu¬ 
lar  lattice  for  EFRG  (this  work)  and  MFRG.3 

For  the  simple  cubic  lattice  (z=6,  z’  =0)  and  A=0,  we 
obtain  K~l-3.69,  which  should  be  compared  with  the  re¬ 


F1G.  1.  Critical  temperature  1  as  a  function  of  it  obtained  in  MFRG  (Ref. 
31  and  EFRG  (this  work)  for  the  two-dimensional  triangular  lattice  aniso¬ 
tropic  Heisenberg  mode). 


suits  by  Suzuki  and  Takano  (Kc  1  =-2.91 ),’  Mariz  era/, 
(fc; 1  =4.18),2  and  Plascak  (K;*  =  3.64).3  We  recall  that  the 
series  expansions  result10  is  1  =3.360. 

Near  the  isotropic  limit  [i.e„  A— *0],  Eq.  (12)  may  be 
expanded,  giving  the  following  expression  for  the  critical 
temperature: 

k;i(A)=a:;1(a=0)+.4a1/*,  (13) 

where  A  is  a  constant  and  <f>  is  the  crossover  exponent;  the 
value  predicted  here  of  <t>=  1  .43  is  to  be  compared  with  the 
results  of  Suzuki  and  Takano  (0=1.56),'  Mariz  era/. 
(0=1.27),2  and  series  expansions  (0=1. 25). 10 

In  Fig.  2  we  show  the  critical  temperature  X7'  as  func¬ 
tion  of  the  anisotropy  parameter  A  for  the  simple  cubic  lat- 


F1G.  2.  Dependence  of  the  critical  temperature  Kc  1  with  leaped  to  the 
exchange  anisotropy  parameter  A  for  the  simple  cubic  lattice,  obtained  by 
(a)  MKRG  (Ref.  1),  (b)  EFRG  (present  wort),  (c)  MFRG  (Ref.  3),  and  (d) 
Mariz  tt  al  (Ref.  2). 
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Ike,  using  the  present  EFRG,  MFRG,3  Migdal-Kndanoff 
(MKRG),*  and  the  Mark  et  aL 2  methods. 

We  observe  that,  even  for  the  smallest  possible  clusters, 
the  dependence  of  the  transition  temperature  KJ 1  on  the  ex¬ 
change  anisotropy  A  (see  Fig.  2)  and  the  resulting  value  for 
the  critical  thermal  exponent  ^  predicted  by  the  present 
EFRG  are  in  quite  good  agreement  with  the  others  RSRG 
approximations  and  series  expansion  results.  In  particular, 
we  have  obtained  critical  temperatures  Tc  which  reflect  the 
details  of  the  lattice  geometry  beyond  its  coordination  num¬ 
ber.  For  example,  in  contrast  with  the  MFRG  (Ref.  3)  and 
MKRG  (Ref.  1)  predictions,  the  present  EFRG  provides  in 
the  isotropic  Heisenberg  limit  (A=0)  a  correctly  vanishing 
critical  temperature  for  ail  two-dimensional  lattices. 

Finally,  let  us  conclude  by  saying  that  owing  to  its  sim¬ 
plicity,  the  paradigm  used  in  this  article  can  be  extended  and 
generalized  to  others  interacting  quantum  spin  systems. 


This  work  partially  supported  by  FACEPE,  CAPES, 
CNPq,  and  FINEP  (Brazilian  Agencies). 

‘M.  Suzuki  tad  H  Takuao.  Phys.  Lea.  A  «*,  426  (1979). 

2  A.  M.  Msriz,  klLLda  Santos,  C.  Tulls,  and  R.  R.  dot  Seam,  Phys. 
Lea.  A  tee,  95  (1963). 

5  J.  A.  Plascsk,  J.  Phys.  A 17, 597  ( 1964),  sad  letneaces  thorn  see  siso  J. 
O.  Indefceu,  A  Maritan.  and  A  L.  Stella,  ibid.  IS,  291  (1982). 

*Q.  Jiant  end  Z.  Y.  Li,  Phys.  Rev.  B  48.  11264  (1969);  Z  Y.  U  sad  C.  Z. 
Yang,  ibid.  37,  3744  (196S). 

5I.  P.  Fittipaldi,  abatract  communicated  at  the  STATPHYS  '17.  Rio  de 
Janeiro,  Brazil,  1969;  ace  also,  L  P.  Fittipaldi,  J.  Mags.  Magn.  Mater. 
(1994)  (to  be  published). 

M.  R  Fittipaldi  and  D.  F.  de  Albuquerque,  J.  Magn  Magn.  Mater.  194-197 , 
236  (1992). 

7N.  D.  Mennin  and  H.  Wagner,  Phys.  Rev.  Lett.  17,  1133  (1966). 

*T.  Idogaki  and  N.  Uryu,  Physica  A  111,  173  (1992). 

*F.  C.  Sa  Barreto  and  !.  P.  Fittipaldi,  Physica  A 129,  360  (1965). 

10C.  Dorob,  in  Phase  Transitions  and  Critical  Phenomena,  edited  by  C. 
Domb  and  M.  S.  Green  (Academic,  London,  1974),  \fol.  3. 


J.  AppL  Phy*,  VoL  75,  No.  10, 15  May  1984 


J.  Ricardo  da  Sousa  and  I.  P.  RttfpakS  5897 


Random  dacoratad  antifarromagnatic  taing  modal  with  mlxad  spins 
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A  sew  approach  to  studying  random  quenched  decorated  models  is  introduced,  which  after  an 
approximation  on  the  decoration  transformation  equation  makes  use  of  the  exact  solution  of  the 
partition  function  of  the  host  lattice.  The  method  is  applied  to  study  the  phase  diagram  of  an 
antiferromagnetic  Ising  square  lattice  randomly  decorated  with  spins  S,  =  2: 1;0  with  probability  p  or 
S2=±l  with  probability  1  -p,  in  the  isotropic  case,  in  which  all  the  bonds  are  decorated.  Several 
phase  diagrams  are  obtained  spanning  the  various  parameter  spaces  of  the  model. 


I.  INTRODUCTION 

Decorated  spin  models  were  introduced  by  Syozi1  in 
connection  with  the  determination  of  the  transition  tempera¬ 
ture  of  an  Ising  spin  model  on  a  Kagome  lattice,  starting 
from  its  value  on  a  honeycomb  lattice.  Lately,  the  random 
annealled  antiferromagnetic  Ising  model  on  a  square  lattice 
was  used  in  the  study  of  the  phase  diagram  of  CuOj  sheets  of 
high-Tc  superconductors.2  The  quenched  version  of  the  deco¬ 
rated  antiferromagnetic  Ising  square  lattice  was  also  studied, 
using  an  effective  field  theory  to  obtain  the  phase  diagram.3 
For  a  recent  review  on  the  literature  and  other  applications  of 
decorated  models,  the  reader  is  referred  to  the  paper  of 
Coutinho  el  aL* 

In  this  paper  we  propose  a  new  approach  to  study  ran¬ 
dom  quenched  decorated  models,  which  combine  an  effec¬ 
tive  treatment  with  the  exact  solution  of  Onsager  for  the 
square  lattice.5 

II.  GENERAL  FORMALISM 

The  Hamiltonian  of  the  decorated  system  may  be  written 
as 

«=2  Ho.  (1) 

b 

where  Hb  is  the  bond  Hamiltonian  and  the  summation  runs 
over  all  the  bonds  of  the  lattice.  If  {5}  is  the  set  of  all  the 
variables  associated  with  the  decorating  system  on  the  bond 
b  that  connects  the  lattice  spins  <r  and  o',  one  defines  the 
decoration  transformation  as  follows: 

A  exp(ATrf(o-a')  =  Tr  exp[-/3Hi,({S},cr,0'')] 

M 

=F(<r,a'),  (2) 

where  fi- 1  /kBT,  and  the  trace  operation  is  taken  over  all  the 
configurations  of  the  decorating  variables;  K&  is  the  effec¬ 
tive  coupling  between  the  spins  a  and  a'  and  A  is  an  analytic 
function  of  the  temperature  and  of  the  parameters  of  the 
decorating  system  (this  may  affect  the  extensive  variables  of 
the  model  but  not  the  intensive  ones  as,  for  example,  the 
critical  temperature). 

It  is  straightforward  to  show  that 


and 

A=[F(I,1)F(1,-1)]1,2> 

so  that  the  partition  function  of  the  effective  square  lattice  is 
Z~AsZ0(Kcll),  (4) 

where  N  is  the  number  of  the  bonds  and  Z0  is  the  partition 
function  of  the  ordinary  square  lattice  Ising  model  with  cou¬ 
pling  factor 

From  the  Onsager  solution,5  the  critical  temperature  of 
the  model  is  given  by  the  equation 

sinh(2ATrfr)=  ±1,  (5) 

where  the  signs  on  the  right-hand  side  are  for  the  ferromag¬ 
netic  (+)  or  the  antiferromagnetic  (-)  cases. 

If  the  decorating  spins  are  random  variables,  however, 
Hb  will  be  a  random  function,  since  it  depends  on  the  kind  of 
decorating  spin  on  the  bond.  In  that  case  the  previous  results 
are  not  valid  any  more.  The  approach  proposed  in  this  paper 
is  to  substitute  Eq.  (2)  by 

A  exp(K,a«r<r')=Tr'  exp (-p{Hb)),  (6) 

W 

where  (Hb)  is  the  average  functional  form  of  Hb  and  TV'  is  a 
restrict  trace  that  is  to  be  taken  on  the  appropriate  spin  vari¬ 
able.  The  remaining  formalism  is  exactly  as  before,  making 
use  of  the  exact  Onsager  solution. 

HI.  THE  MODEL 

We  consider  an  antiferromagnetic  Ising  <r—  ±  1  square 
lattice  with  nearest  neighbor  exchange  interaction  JA,  and 
with  all  the  bonds  decorated  with  spins  S=S1  =  ±1;0  with 
probability  p  orS  =  S2=±l  with  probability  1  -p.  For  each 
kind  of  decorating  spin  the  bond  Hamiltonian  is  given  by 

Wj=-^cr<r'-7S,(<7+<r')-D5,2  (7) 

or 

H2b=-JA<r<r'-JS2U 7+<r'),  (8) 

where  J  is  a  ferromagnetic  exchange  constant  and  D  is  a 
single  ion  anisotropy  field.  The  functional  probability  distri¬ 
bution  for  the  Hamiltonian  is,  in  this  case, 

P(H„)=pHHb-Hl)  +  {\-p)8(Hb-Hl),  (9) 

where  S(x-a)  is  the  function  delta  of  Dirac.  Thus,  we  have 
for  the  avenge  form  of  Hb, 
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FIG.  1.  Phase  diagram  oo  the  (t(-a)  plane  for  ^-1.0.  ( — )  p  =  0.0; 
(-  •  •-)  p-0.3;  (•■♦)  p-0.6;  <— ),»-0.9. 

(Hb)=pH'b+(\-p)Hl,  (10) 

so  that  Eq.  (6)  becomes 

A  ex| >(KtB<T<T')=  It  exp(-0pf/J)Tr 
Ull 

Xexp[-/9(1  -p)H\l  (11) 

alter  performing  Che  traces,  we  finally  obtain 

oK+JtaWn,  (12) 

with 

jr=oosh[2]t(l-/;)][l+2  exp(p  8K)coeh2pK],  (13) 

y=l+2  exp(p  <5*0,  (14) 

where  or=  -J ktJ,  S-DU ,  and  K=f)J. 

It  is  now  a  matter  of  little  algebra  to  get  the  analytic 
expressions  for  the  critical  transition  lines,  connecting  the 
parameters  of  the  model: 

a(Kc,p,  <S)  =  (1  /2KC)H(X/Y)(  ;2±1)]  (15) 

i(Arc,p,«)=(i/pA:c)in[KJr1/y1)],  (16) 

where 


FKJ.  Z  Phane  diagram  oa  the  (r ,-a)  plane  for  p-0.6.  (-  -  -)  ^0.0;  (•••) 
*»- U>,  (— )  ^-2.0. 


FKj  3.  Phase  diagram  on  the  (rc-d|  plane  for  O' =0.8  { — )  p*0.3,  (-•••) 
0.6;  (-  •  -) p “0.9. 


X,  =  exp(2aKr)-cosh[2/fr(l-/>)]<.2±l),  (17) 

K,  =  cosh(  2pKr)cosh[2Kc(  1  -/>)](  ,2±  1 ) 

-exp(2oATc),  (18) 

where  Kc=J/kBTc  and  the  signs  are  (+)  for  the  antiferro¬ 
magnetic  transition  line  and  (-)  for  the  ferromagnetic  one.  It 
is  not  possible  to  obtain  analytically  the  expression  for 
p(Kc,a,S)  except  for  the  ground  state,  and  so  this  must  be 
obtained  numerically. 

IV.  RESULTS  AND  CONCLUSIONS 

In  Fig.  1  we  show  the  phase  diagram  on  the 
(tc- \!Kc-a)  plane  for  different  values  of  p  and  for  8 
=  -1.0.  We  notice  the  existence  of  a  ferromagnetic  (F),  an 
antiferromagnetic  (AF),  and  a  paramagnetic  (P)  phase,  and 
the  existence  of  a  multiphase  point  in  the  ground  state,  where 
the  three  phases  coexist.  The  multiphase  point  is  given  by  the 
equation  a=l+p£/2,  for  0>$>-2/p,  <*=0  for  S<  —  2/ 
p,  and  a=  1  for  <S>0.  As  p  increases  from  zero,  the  antifer¬ 
romagnetic  ground  state  becomes  more  stable,  and  we  see 
the  appearance  of  a  reentrance.  This  is  in  accord  with 
Ueno’s6  hypothesis  that  the  ordered  phase  appears  as  one 
increases  the  temperature  by  lessening  the  free  energy  due  to 


FIG.  4.  Phase  diagram  on  the  (fr  p)  plane  for  a-0.8  and  <4-  - 1.0. 
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entropy  gains.  This  is  deafly  so,  since  increasing  p  means  to 
increase  the  number  of  stales  of  the  decorating  spin  variable. 
However,  as  one  also  notices  from  Fig.  1,  a  further  increase 
of  p  eliminates  the  reentrance  and  makes  the  antiferromag- 
netic  phase  less  stable  at  high  temperatures.  This  can  be  ex¬ 
plained  by  the  fact  that  although  the  number  of  spins  states 
increases  with  p,  the  number  of  possible  lattice  configura¬ 
tions  of  random  decorated  bonds  decreases  with  p  as  one 
gets  doner  to  saturation.  Figures  2,  3,  and  4  show  typical 
aspects  of  the  phase  diagram  on  the  (lf-a),  (rc-  <5),  and 
( lc-p )  planes  for  a  fixed  value  of  p  and  different  values  of 
S,  a  fixed  value  of  a,  and  different  values  of  p  and  fixed 
values  of  a  and  &,  respectively. 

In  conclusion,  we  have  introduced  a  new  approach  to 
study  random  quenched  decorated  models,  which  preserves 
the  use  of  the  exact  solution  of  the  partition  function  of  the 
host  lattice,  by  making  an  approximation  on  the  decoration 
transformation  equations.  The  present  method  may  be  ap¬ 


plied  to  also  study  any  kind  of  random  distribution  of  die 
parameters  of  the  decorating  system.  This  is  presently  under 
investigation. 
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An  effective-field  theory  that  accounts  for  the  self-spin  correlation  function  is  used  to  study  the 
effect  of  surface  dilution  on  the  critical  behavior  of  a  ferromagnetic  (sing  film  in  transverse  surface 
and  bulk  fields.  Surface  exchange  enhancement  (or  reduction)  is  considered.  It  is  shown  that  the 
surface  and  bulk  fields  affect  the  critical  ratio  of  surface  to  bulk  interactions,  at  which  the  surface 
orders  before  the  bulk,  in  opposite  ways.  Although  it  is  found  that  for  the  undiluted  film  this  leads 
to  a  critical  ratio  that  is  practically  insensitive  to  field  for  common  bulk  and  surface  field  strengths, 
this  feature  is  relaxed  to  a  certain  degree  with  surface  dilution.  The  thickness  dependence  of  the 
critical  temperature,  and  phase  diagrams  in  the  fields,  interaction  strength  ratio,  and  dilution 
parameter  space,  ate  presented. 


I.  INTRODUCTION 

The  development  of  the  molecular-beam -epitaxy  tech¬ 
nique  and  its  application  to  the  growth  of  thin  metallic  films 
has  stimulated  renewed  interest  in  both  experimental  and 
theoretical  thin-film  magnetism.  Part  of  this  theoretical  activ¬ 
ity  has  been  devoted  to  the  study  of  Ising  thin  films.  Among 
the  more  recent  investigations  has  been  the  study  of  thin 
magnetic  films  having  enhanced  (or  reduced)  surface  ex¬ 
change,  both  by  mean-field  theory1,2  and  within  an  effective 
field  treatment  that  accounts  for  the  self-spin  correlations.3,4 
Both  the  thickness  dependence  of  the  critical  temperature1-4 
and  the  magnetization  profiles4  have  been  studied.  Mote  re¬ 
cently,  the  influence  of  surface  and  bulk  transverse  fields  on 
the  critical  behavior  of  Ising  thin  films  has  been  studied  in 
depth  by  Sarmento  and  Thcker.3  Other  studies  on  this  prob¬ 
lem  have  been  reported6,7  but  only  for  the  situation  where  the 
surface  and  bulk  transverse  fields  are  equal. 

In  real  situations,  the  film  surfaces  are  unlikely  to  be 
regular  on  an  atomic  scale.  It  is  therefore  of  interest  to  study 
the  influences  of  surface  irregularities  on  the  magnetic  prop¬ 
erties.  In  this  article  we  examine  one  such  aspect,  namely, 
the  influence  of  surface  dilution  on  the  critical  behavior.  A 
limited  study  of  the  effects  of  this  dilution  has  already  been 
made  in  Ref.  3  for  an  Ising  film,  but  only  in  the  absence  of 
transverse  fields.  However,  even  for  that  situation  our  insults 
are  new  because  we  have  treated  the  configurational  averag¬ 
ing  of  the  surface  disorder  in  an  improved  way. 

N.  MOOEL  AND  FORMULATION 

The  system  to  be  treated  is  an  Ising  magnetic  film  having 
a  simple  cubic  structure  with  L  atomic  layers  in  the  z  direc¬ 
tion,  similar  to  that  studied  in  Ref.  3,  but  with  the  addition  of 
surface  dilution.  The  modified  Hamiltonian  is 

JoftfjStfS  (1) 

1  Id  ‘ 

where  is  a  site  occupancy  number  that  is  1  or  0  depending 
whether  the  rite  is  occupied  or  not.  Thus,  since  only  the 


surface  is  diluted,  1  or  0  when  i  refers  to  a  surface  site, 
and  unity  for  the  bulk.  J,:  is  the  nearest-neighbor  exchange 
interaction  between  spins  at  sites  i  and  j,  that  takes  the  value 
J,  if  both  spins  lie  on  the  surface  of  the  thin  film  and  J  h 
otherwise.  ft,  =  f and  fl,  represent  transverse  fields  in  the 
bulk  and  on  the  surface  of  the  film,  respectively. 

The  method  we  use  is  the  single-site  cluster  theory,  fully 
described  in  Ref.  S,  that  employed  the  differential  operator 
technique  and  the  Van  der  Waerden  identities  to  account  for 
the  single-site  spin  correlations.  Following  that  procedure, 
we  find  in  the  current  situation  that  for  a  fixed  configuration 
of  surface  atoms  the  thermal  average  (of)s2(5f)  is  given 
by 

=  +  COSh(JiyV) 

j 

+  J/<Oy)sinh(7,;V)]/,(x)L_0,  (2) 

where 

fi(x)=fr+7n?]"*  (x2+4n?)l/2J,  (3) 

and  Vmdldx.  In  deriving  this  result,  use  of  the  identity 
exp(Xf^)=  exp(\)  has  been  made,  and  the  multi- 

spin  correlation  functions  decoupled  in  the  Zemike-type  ap¬ 
proximation,  as  used  in  Ref.  S. 

The  next  step  is  to  carry  out  the  spatial  configurational 
averaging,  to  be  denoted  by  (■•■),.  To  make  progress,  the 
simplest  approximation  as  used  for  the  thermal  averaging  of 
neglecting  the  correlations  between  quantities  pertaining  to 
different  sites  will  be  made.  That  is, 

{XiXpCk-  ■  •),=<*/>,(*/>,•<**>, .... 

whence  it  follows  that 

=  [l-<f/>, +  <?/),  COSb(/j;T) 

j 

+  mj  sinh(//JV)]/j(x)|,_0,  (4) 
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when  ((,),  is  unity  when  i  refers  to  a  bulk  site,  and  is  equal 
to  the  surface  atom  concentration  p  for  a  surface  site.  The 
improvement  between  the  configuration  averaging  adopted 
here  and  that  employed  by  some  other  authors  (including  Hai 
and  Li)  has  been  fully  discussed  by  one  of  us  in  Ref.  8.  The 
essential  point  is  that  the  method  we  use  includes  correla¬ 
tions  between  the  spatial  disorder  and  the  local 
nfigurational-dependent  thermal  averages  of  the  spin 
rabies — in  particular,  the  exact  identity  {((, a,)),  =  ({&,)), 
satisfied. 

ill.  PHASE  DIAGRAMS 

Allowing  for  the  site  magnetizations  to  take  different 
values  in  each  atomic  layer  parallel  to  the  surface  of  the  film, 
and  labeling  them  in  accordance  with  the  layer  number  in 
which  they  are  situated,  the  application  of  Eq.  (4)  to  the  film 


in  question  leads  to  the  following  set  of  equations: 
ml=p(pa,^mlP,+  1  -  p)*(ai+m2pi)f,(x)\x^0,  (5) 

m2=p{pab+mlPb+  1  -p)(ab  +  m2fib)4 

X(<*s+'»,A,)/t,(*)l,-o.  (6) 

m  ■.=  (  <*s+  fib"1,- 1 )( <*b + fib” 

X(at+0»m  l»+1  )/»(*)  I, -o  for  v 
=  3, ...1-2,  (7) 

«r-i=(«»+'»r.-2/Sa)(“»+'»r-iA>)4 

x[p(pat+mtA+l-p)]/s(-k)|,-o.  (8) 


m1»(ok+«I._1/3b)[p(po:I+mL3I+l-p)4l/1(x)|,„0, 

(9) 

where  a,=cosh(71V),  /3,=sinh(J,V),  ab=cosh(J bV),  and 
pb=sinh(JbV).  It  is  noted  that  the  concentration  dependence 
in  these  equations  is  different  from  that  reported  earlier  by 


FIG.  2.  Variation  of  the  critical  temperature  with  surface  dilution.  The  bro¬ 
ken  line  is  the  infinite  bulk  transition  temperature.  The  numbers  accompa¬ 
nying  each  curve  denote  the  value  of  J  ,!Jb . 


Hai  and  Li3  because  of  our  use  of  the  improved  decoupling 
procedure  in  the  configurational  averaging  alluded  to  above. 
Linearization  of  these  equations  for  small  m,  leads  to  the 
following  L  XL  determinant: 


a  - 1 
c  b  - 1 

-1  d  -1 


-1  d 


(10) 


-1  d  -1 
-1  b 
-1 


FIG.  1.  Variation  of  the  critical  temperature  with  surface  exchange  enhance¬ 
ment  fora  surface  dilution  of  0.8  (solid  curvea).  The  dotted  curves  refer 
to  the  undiluted  film.  The  number  accompanying  each  curve  denotes  the  film 
thjrkiyas  L.  The  broken  line  is  the  infinite  bulk  transition  temperature. 


FIG.  3.  Variation  of  the  critical  temperature  with  surface  exchange  enhance¬ 
ment.  The  number  accompanying  each  curve  is  the  value  of  p  The  broken 
line  ia  the  infinite  bulk  transition  temperature 
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RO.  4.  Variation  of  the  bulk  transverse  field  strength.  The 

number  accompanying  each  curve  denotes  the  value  of  (l,JJb .  The  broken 
line  is  the  locus  . 


whose  elements  are 

a  =  (l-jr  ,)/X2,  b  =  (l-4X3)/X3, 

c=-X  ,IX3l  d=(l -4/C))/K|,  (11) 

with 

Xl  =  4p*Al+12p,(l-p)A2+12p2(l-p)2A3 
+4p(l-p)3A4, 

X2~piAi+4p*(l-p)Ab+6p3(l-p)2A7+4p2(\ -p)3As 
+p(l-p)4A„ 

X}=pKt  +  {l-p)K2 ,  *„=*,,  (12) 

and 

Ai  =  a3,abfiJ,(x)\x^0,  A2=a2abpJs(x)\x~0, 

A  3  *Xsabfisf 'll  —Or  A 4  .  (), 

A3~  txtfibf  j(*)L-*o»  At=a*0bfs(x)\x„o< 
Ay^WrWUo.  As=a,pbf,(x)\^0,  'l3} 

*i  =  olPbfbWl-o .  K2=a*bP„fb(x)\^0 . 

The  phase  transition  temperature  Te  in  (7,  T-,p,n,)  param¬ 
eter  space  is  derived  from  the  highest  eigenvalue  of  |M|=0, 
which  can  be  put  into  a  more  convenient  form  for  computa¬ 
tion  by  use  of  appropriate  reduction  formulas,  as  in  Ref.  5. 

To  illustrate  how  the  thickness  dependence  of  the  critical 
temperature  varies  with  surface  dilution,  we  present  in  Fig.  1 


FIG.  S.  Variation  of  (J,Ub)aa  with  the  bulk  transverse  field  strength.  The 
number  accompanying  each  curve  denotes  the  value  of  p. 


our  results  for  p=0. 8.  Comparison  with  the  pure  case  (Fig. 
1  of  Ref.  S)  shows  that,  as  expected,  the  critical  temperature 
falls  with  dilution,  the  fall  being  greater  the  thinner  the  film. 
This  variation  of  the  critical  temperature  with  concentration 
is  shown  more  clearly  in  Fig.  2  for  a  four-layer  film.  For 
large  dilutions  Tc  tends  to  a  value  independent  of  the  surface 
exchange  enhancement.  Figure  1  also  shows  that  the  critical 
ratio  of  the  surface  to  bulk  exchange,  at  which  the  surface 
orders  before  the  bulk,  moves  to  a  higher  value  with  dilution 
of  the  surface.  This  variation  is  shown  more  comprehen¬ 
sively  in  Fig.  3  for  the  case  L-4. 

Whereas,  in  Ref.  5,  it  was  observed  that  the  surface  and 
bulk  fields  act  on  (J  JJb)a«  in  opposite  ways  such  that  in  the 
presence  of  a  common  field  strength  (fl,= (lb)  the  crossover 
value  of  Tc  for  films  of  different  thicknesses  is  almost  insen¬ 
sitive  to  fi,  this  feature  is  relaxed  to  a  certain  extent  with 
surface  dilution,  as  can  be  seen  in  Fig.  4  for  the  case  when 
p=0.6.  As  the  minimum  value  of  (7,/J is  reached  when 
the  infinite  bulk  transition  temperature  is  reduced  to  zero, 
this  occuts  at  a  value  of  11,,  (right-hand  extremity  of  Figs.  4 
and  5)  independent  of  surface  concentration.  The  value  of 
this  minimum  will,  of  course,  depend  on  the  surface  dilution, 
as  can  be  seen  in  Fig.  5. 
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Relaxation  dynamics  in  a  reentrant  (FeNQMn  ferromagnet: 

A  percolation  analysis 
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Measurements  of  the  low-held  thermoremanent  relaxation  in  a  reentrant  (Feo^Niojsi^^Mn^ 
ferromagnet  with  x  =  0.117  reveal  a  crossover,  in  the  vicinity  of  the  reentrant  transition,  from 
equilibrium  dynamics  in  the  ferromagnetic  phase  to  age-dependent,  nonequilibrium  dynamics  in  the 
reentrant  phase.  Least-squares  fits  to  two  mesoscopically  exact  relaxation  functions  show  that  both 
dynamic  regimes  can  be  described  within  a  common  theoretical  framework  of  magnon  relaxation  on 
a  percolation  distribution  of  fixed,  finite  domains  of  dynamically  correlated  spins. 


I.  INTRODUCTION 

The  relaxation  dynamics  of  “glassy"  systems  continues 
to  be  the  focus  of  intense  theoretical  and  experimental  effort. 
Materials  as  diverse  as  ordinary  glass,  amorphous  polymers, 
random  magnets,  and  dielectrics  all  exhibit  anomalously 
slow  relaxation1  in  response  to  a  sudden  change  in  a  system 
variable,  and  some,  most  notably  spin  glasses  and  polymers, 
show  an  age-dependent  behavior  indicative  of  nonequilib¬ 
rium  dynamics.  While  the  ubiquitous  stretched  exponential 
q(r)-~exp[-(//r)^]  has  emerged  as  probably  the  best  two- 
parameter,  empirical  description  of  a  wide  range  of  glassy 
materials,  systematic  deviations  indicate  that  its  applicability 
may  be  limited  to  a  particular  regime  of  observation  times. 
Furthermore,  neither  the  stretched  exponential  representa¬ 
tion,  nor  any  other  class  of  empirical  functions  (such  as  loga¬ 
rithm,  simple  power  law,  “enhanced”  power  law,  power-law 
stretched  exponential  product)  appears  to  be  universal,  and 
all  lack  a  sound  microscopic  basis. 

Recently,  Chamberlin  and  Haines  have  proposed  a  phe¬ 
nomenological  model2  of  relaxation  dynamics  in  random 
systems  which,  although  not  a  microscopic  theory,  may  nev¬ 
ertheless  provide  the  physical  basis  for  the  prevalence  of  this 
anomalous  behavior.  The  model  describes  the  relaxation  of 
isotropic,  low-energy  dispersive  excitations  (magnons) 
within  a  fixed  distribution  of  finite,  dynamically  correlated 
clusters  of  spins  (domains).  Each  cluster  relaxes  indepen¬ 
dently  with  a  relaxation  rate  which  is  assumed  to  vary  expo¬ 
nentially  with  inverse  cluster  size  s  as  o»,~-exp (C/s),  which 
is  a  characteristic  of  finite-size  quantization  of  elementary 
excitations.  Percolation  theory3  provides  the  distribution  of 
cluster  sizes,  n,~s~eexp(-sf)  with  0=-l/9  and  <5=2/3, 
which,  when  combined  with  the  exponential  decay  typical  of 
thermally  activated  dynamics,  yields  two  mesoscopically  ex¬ 
act  relaxation  functions, 

AMO^il*10'9  exp(-x2/3)exp(-ro);eiC,,')dx,  (1) 

Jo 

for  domains  aligned  (-)  or  antialigned  (+)  with  the  applied 
field,  where  cu;  is  the  relaxation  rate  of  an  infinite  cluster. 
Thus,  this  model  transcends  the  details  of  specific  systems 
while  offering  a  common  link  to  fundamental  excitations. 

In  this  article  the  predictions  of  this  percolation  theory 
are  compared  with  measurements  of  the  low-field  thermore¬ 
manent  relaxation  on  a  reentrant  (Fe065Ni0j!)1  _  xMnx  ferro¬ 


magnet,  with  jr  =  0. 1 1 7.  This  system  is  shown  to  exhibit  a 
dynamic  crossover  between  a  high-temperature  regime  of 
equilibrium  dynamics  and  a  low-temperature  regime  of  age- 
dependent,  nonequilibrium  dynamics,  and  fits  to  the  model 
relaxation  functions  (1)  indicate  that  this  behavior  may  be 
related  to  a  change  from  aligned  to  antialigned  cluster  domi¬ 
nance. 

II.  EXPERIMENTAL  DETAILS 

An  alloy  of  (Fe065Ni035)|_tMni  with  x  =  0.117  was 
fabricated  by  mixing  appropriate  amounts  of  99.999%  pure 
Fe  (Johnson-Matthey  Chemicals),  99.99%  pure  Ni  (Johnson- 
Matthey),  and  99.98%  pure  Mn  flake  (Aldrich  Chemical  Co.) 
on  the  water-cooled  copper  hearth  of  a  titanium-gettered  ar¬ 
gon  arc  furnace,  using  a  tungsten  electrode.  The  ingot  was 
repeatedly  inverted  and  remelted  in  order  to  achieve  a  homo¬ 
geneous  consistency.  The  ingot  was  cold  rolled  into  a  thin 
sheet,  and  a  long,  needle-shaped  sample  with  dimensions 
8.14X0.36X0.24  mm3  was  spark  cut  from  the  sheet.  The 
sample  was  encapsulated  in  a  quartz  tube  under  a  partial 
pressure  of  argon  gas,  annealed  for  4  days  at  920  °C,  and 
then  quenched  rapidly  into  water.  The  magnetization  and  vis¬ 
cosity  measurements  were  performed  with  a  variable- 
temperature,  variable-frequency  superconducting  quantum 
interference  device  susceptometer  described  in  detail  else¬ 
where  in  the  literature.4 

III.  ANALYSIS  AND  DISCUSSION 

Figure  1  shows  the  temperature  dependence  of  the  static 
magnetization  of  the  ( Fe065Ni()j5)08g3Mn() , ,  7  sample,  mea¬ 
sured  under  both  field-cooled  (FC)  and  zero-field-cooled 
(ZFC)  conditions  in  an  applied  field  H,=  1 .0  Oe.  The  profile 
is  consistent  with  that  observed  in  other  studies  of  similar 
compositions,9  and  with  the  magnetic  phase  diagram,6  which 
predicts  a  Curie  temperature  Tcst  1 70  K  and  a  reentrant  tem¬ 
perature  Tg^s  70  K  for  this  alloy.  For  all  temperatures 
r<170  K,  Mk(T)> M nC(T),  indicating  significant  irre¬ 
versibility  everywhere  below  Tc . 

Figures  2  and  3  summarize  the  essential  features  of  the 
thermoremanent  relaxation  at  several  representative  mea¬ 
surement  temperatures  Tm ,  and  for  various  wait  times  tw . 
The  isotherms  were  obtained  by  cooling  the  sample  in  a  field 
Hc=  5.0  Oe  from  a  reference  temperature  7^=170  K, 
where  relaxation  effects  were  negligible,  to  the  measurement 
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FIG.  1.  Temperature  dependence  of  the  field-cooled  (FC)  and  zero-field- 
cooled  (ZFC)  static  magnetization  of  (FCuuNiouiauuMilo  nr  measured  in 
H.=  1.0  Oe. 

temperature  Tm  (cooling  times  were  typically  /ts»900  s), 
aging  the  system  for  a  time  lw  at  a  constant  temperature  Tm , 
and  then  abruptly  reducing  the  field  to  zero  and  recording  the 
decay  over  an  observation  time  interval  2  104  s.  The 

system  possesses  two  distinct  thermal  relaxation  regimes. 

(a)  One  is  a  high-temperature  regime  of  equilibrium  dy¬ 
namics,  for  Tm3‘6S  K,  which  corresponds  closely  with  the 
ferromagnetic  phase,  where  the  curvature  of  the  isotherms  is 
uniformly  concave  up  (see  the  Tm  —  70  and  85  K  isotherms 
in  Fig.  3),  and  where  there  is  no  measurable  dependence  on 


Log  t 


FIG.  2.  Thcrmoremaoau  relaxation  at  r„-48  and  52  K  for  various  wait 
times  l„ .  The  solid  curves  ate  best  fits  rad  the  vertical  arrows  mark  the 
average  relaxation  time*  f.  . 


FIG.  3.  Thermoremanent  relaxation  at  T„-56,  ‘ u,  and  85  K  for  various 
wait  times  f,  .  The  solid  curves  are  best  fits  and  the  vertical  arrows  mark  the 
average  relaxation  times  r.  and  r  . 


system  age,  for  all  wait  times  r„s  104  s.  The  simplest  em¬ 
pirical  description  of  these  “ferromagnetic”  isotherms  con¬ 
sists  of  the  superposition  of  a  weak  power  law  and  a  con¬ 
stant,  with  mat 0.06. 

(b)  The  other  is  a  low-temperature  regime  of  nonequi¬ 
librium  dynamics,  for  7"„*60  K,  which  is  essentially  coin¬ 
cident  with  the  reentrant  phase,  where  the  isotherms  exhibit  a 
crossover  from  positive  to  negative  curvature,  through  an 
age-dependent  inflection  point  which  propagates  systemati¬ 
cally  toward  longer  observation  times  with  increasing  wait 
time  lw  (see  the  r„=48,  52,  and  56  K  isotherms  in  Figs.  2 
and  3).  The  shape  of  these  “reentrant”  isotherms  is  repli¬ 
cated  with  considerable  accuracy  by  the  empirical  superpo¬ 
sition  of  a  stretched  exponential  and  a  constant, 
MR(t)-M0+Mi  exp(-r/r)'~",  with  values  of  n  and  r 
typical  of  pure  spin  glasses. 

Since  weak  power-law  decay  is  a  characteristic  of 
“good”  random  ferromagnets  such  as  Pdow&Fe,, 014,7  which 
has  ideal  critical  exponents  and  no  reentrant  phase,  while 
age-dependent,  stretched  exponential  dynamics  is  one  of  the 
defining  features  of  the  spin-glass  state,  a  thermally  driven 
crossover  from  equilibrium  to  nonequilibrium  behavior  of 
the  type  described  above  is  clearly  consistent  with  a  physical 
picture  of  orientational  collapse  from  parallel  to  random  spin 
alignment  below  Ta  60-65  K.  However,  the  physical 
mechanism  underlying  the  dynamic  response  is  not  well  un¬ 
derstood  in  either  regime,  and  while  phenomenological 
models8,5  of  domain  growth,  pinned  to  the  disorder  and  lim¬ 
ited  by  an  overlap  length  scale,  are  able  to  simulate  much  of 
the  experimental  systematics  in  the  spin-glass/reentrant 
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TABLE!.  Beal-fit  parameter?  to  AT  (r)  +  M0 


Tm 

iw 

M, 

<Kt 

(s) 

(10  3  emu/g) 

(10'3  emu/gj 

(s'1)  C 

70 

60 

57.1*0.8 

27.9±  1.7 

(4.6tl,0)X104  61  7  *0.3 

85 

60 

65.7*1.2 

20.2  ±14 

(1.2Z0JIX104  79.1±1.8 

phase,  the  specific  analyiicai  forms  predicted  for  the  decay 
do  not  appear  to  be  relevant  to  real  systems.  On  the  other 
hand,  the  two  mesoscopic  relaxation  functions  in  Eq.  (1), 
based  on  a  model  of  activated  dynamics  within  a  percolating 
system  of  fixed  domains,  are  able  to  reproduce  both  the  em¬ 
pirical  power  law  and  stretched  exponential  in  appropriate 
limits,2  suggesting  that  many  of  the  apparently  diverse  relax¬ 
ation  effects  in  disordered  materials  may  have  a  common 
physical  origin  in  quantized  dispersive  excitations.  In  fact, 
least-squares  fits  of  the  isotherms  in  Figs.  2  and  3  to  the 
functions  Af t(r)  and  Af  _(r),  individually  and  in  superposi¬ 
tion,  ultimately  favored  the  following  representations. 

(a)  In  the  high-temperature  ferromagnetic  phase,  the 
best  description  was  achieved  by  superposing  the  aligned 
function  on  a  constant  baseline,  Af  _(r)  +  Af0,  as  shown  by 
the  solid  curves  through  the  Tm=70  and  83  K  isotherms  in 
Fig.  3,  and  the  vertical  arrows  mark  the  characteristic  relax¬ 
ation  times  of  the  average-size  aligned  domains, 

cxp(-C/i)]_l,  wherex  =  (19/6)  .  The  fits  were 

indistinguishable  in  quality  from  the  empirical  power-law 
fits,  and  the  best-fit  parameters,  listed  in  Table  I,  satisfy  the 
condition  Cw„rSf  1 ,  for  which  Af  (r)  reduces  to  a  simple 
power  law.2 

(b)  In  the  low-temperature,  reentrant  phase,  the  most 
consistent  results  were  obtained  with  a  simple  superposition 
of  the  antialigned  function  and  a  constant  baseline, 
Af +(r)  +  Af0.  However,  the  quality  of  the  fits  was  clearly 
dependent  on  the  age  of  the  system:  for  relatively  short  wait 
times  (r„«300  s),  the  fits  were  measurably  inferior  to  the 
stretched  exponential  tits,  but  improved  systematically  with 
increasing  age  until,  for  r„>300  s,  the  two  representations 
became  essentially  interchangeable.  The  solid  curves  through 
the  r„=48,  52,  and  56  K  isotherms  in  Figs.  2  and  3  show 
the  best  fits,  and  the  vertical  arrows  mark  the  characteristic 
relaxation  times  of  the  average-size  antialigned  domains 
f+w(<ut  exp (+C/x)]~‘.  The  corresponding  fitting  param¬ 
eters  in  Table  II  satisfy  the  condition  CtuJ  r*s  1  for  Af +(r)  to 
reduce  to  a  stretched  exponential.2 

The  preceding  analysis  shows  that  the  relaxation  dynam¬ 
ics  of  (FeNi)Mn  are  generally  consistent  with  a  model  of 
quantized  magnon  relaxation  within  a  system  of  fixed  do- 


TABLE  11.  Best-fit  parameters  to  +  + 


T. 

(K) 

tw 

Is) 

Mt 

(10"3  emu/gj  UO'3  cmu/g) 

«*C  ts  ') 

c 

48 

60 

113  5  £ 

0.1 

10.6  * 

0.1 

(21.6  ±  0.5)  X  10  * 

25.7  *  0.1 

48 

180 

113.6  £ 

0.1 

9.8  * 

0.1 

(26J5  *  05)  X  10  “ 

22  8  £  0  .1 

48 

300 

114.2  £ 

0.1 

9.6  * 

0.1 

(24.9  i  0.5)  x  10'* 

21.8  £  0.1 

52 

60 

103.7  * 

0.1 

16.2  * 

0.1 

(12  6  *  0  3)  X  10  * 

35.4  £  0.2 

52 

120 

102.4  £ 

0.1 

15.6  * 

0.1 

(14.5  £  0.3)  x  10  6 

33.2  £  0.2 

52 

180 

103.8  * 

0.1 

15.0  * 

0.1 

(15.3  ±  0,3)  X  10'* 

31.5  £  0.1 

52 

300 

104.0  * 

01 

14.5  * 

0.1 

<16.2  £  0.3)  X  10'6 

29.9  £  0.1 

52 

900 

104.1  * 

0.1 

13.6  ± 

0.1 

(13.9  £  0.3)  x  10  6 

26.9  £  01 

56 

60 

93.2  * 

0.1 

27.4  * 

0.1 

(3.09  ±  0.09)  X  10'* 

59  4  £  0.3 

56 

120 

92.2  * 

0.1 

25.4  * 

0.1 

13.93  ±  0.11)  X  10'* 

54.5  £  0.3 

56 

180 

95.3  * 

0.1 

24.7  ± 

0.1 

(4.14  t  0.10)  X  10'* 

52.4  £  0.2 

56 

240 

92.5  * 

0.1 

23.7  ± 

0.1 

<5.28  t  0.14)  X  10‘* 

50.1  £  0.2 

56 

300 

92.5  * 

0.1 

23.7  i 

0.1 

(4.71  i  0.12)  x  10  * 

49.8  £  0.2 

56 

*00 

92.5  £ 

0.1 

22.6  £ 

0.1 

(4.46  *  0.12)  x  10  * 

47.5  £  0.2 

mains  (or  clusters)  of  dynamically  correlated  spins,  and  that 
the  dynamics  in  the  ferromagnetic  phase  are  dominated  by 
domains  which  are  aligned  with  field,  presumably  because 
the  reorientation  of  antialigned  domains  on  field  cooling  is 
relatively  unhindered  in  this  phase,  while,  in  the  reentrant 
phase,  such  reorientation  is  inhibited,  and  the  decay  is  due 
predominantly  to  slowly  relaxing,  higher-energy  antialigned 
domains.  However,  the  wait-time  dependence  of  the  fits  in 
the  reentrant  phase  may  reflect  the  inadequacy  of  a  single, 
fixed  domain  size  distribution,  due  to  possible  domain 
growth  in  the  early  stages  of  aging,  and  the  microscopic 
origins  of  the  aging  process  have  yet  to  be  resolved  within 
this  formalism. 
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Spin  glasses  with  cubic  anisotropy 
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The  infinite-range  quantum  spin  glasses  with  cubic  anisotropy  (K)  are  studied  using  a  combination 
of  the  imaginary-time  representation  with  the  n  -replica  approach  and  the  thermofield  dynamic 
method.  Mean-field  theory  phase  diagrams  in  the  temperature-anisotropy  plane  (T,K)  are  presented 
for  quantum  spin  numbers  S  ranging  from  2  to  912.  At  7'=0,  the  ground  state  is  nonmagnetic  and 
the  spin-glass  order  is  absent  for  integer  spin  and  large  cubic  anisotropy,  the  sign  of  which  depends 
on  S.  For  half-integer  S  and  sufficiently  low  temperatures  the  spin-glass  phase  persists  for 
arbitrary  K. 


In  recent  years  it  has  been  found  that  many  properties  of 
spin  glasses  are  strongly  influenced  by  various  types  of 
anisotropies.  Examples  are  anisotropies  due  to  the  crystal 
field  of  the  host’  or  nonmagnetic  impurities  which  affect  the 
spin  interaction  symmetries.2 

Experimentally,  strong  uniaxial  anisotropy  of  the  mag¬ 
netic  susceptibility  has  been  observed  in  a  number  of  hex¬ 
agonal  metallic  spin-glass  systems.1,3  From  the  theoretical 
point  of  view,  anisotropy  brings  about  several  new  features 
which  have  been  investigated  for  classical  spin  models  with 
or  without  a  magnetic  field,  and  a  multiplicity  of  phases  has 
been  found.4  The  corresponding  quantum  spin  problem  can 
yield  results  which  are  qualitatively  different  from  their  clas¬ 
sical  counterparts3,6  For  example,  for  large  negative  uniaxial 
anisotropy  one  expects,  for  integer  spins  at  low  temperatures, 
a  condensation  in  the  state  resulting  in  a  nonmagnetic  spin 
phase  accompanied  by  the  destruction  of  the  spin-glass 
character.6 

In  the  present  paper  we  look  at  the  effect  of  the  single¬ 
ion  cubic  anisotropy  on  a  spin  glass.  This  problem  has  not 
been  treated  extensively  in  the  literature:  only  a  few  studies 
of  the  spin  glass  in  the  presence  of  cubic  anisotropy  have 
been  made  for  the  classical7  and  for  quantum  Ising8  spin 
models.  We  analyze  the  quantum  version  of  the  vector  spin- 
glass  model  for  the  spin  cases  ranging  from  S  =2  to  5=9/2, 
and  present  the  corresponding  phase  diagrams. 

The  Hamiltonian  of  the  model  is  given  by 

j  N  d  N 

«=-  j  2  2  (si+sjt+sj i). 

1.7  =  1  *t=  1  i=  1 

(i) 

Here  S,  =  (S„  ,5y,  ,SZI)  is  the  quantum  spin  operator  re¬ 
ferring  to  the  ith  member  of  an  ensemble  of  N  local  mo¬ 
ments  5.  An  index  m  =  1,2,3  stands  for  x,  y,  and  z.  For  d  =  1 
we  have  the  Ising  model.  Cases  d  =2  and  d= 3  correspond  to 
the  XY  and  the  Heisenberg  models,  respectively.  The  J 
(Jij=Jjt)  are  quenched  random  exchange  interactions  gov¬ 
erned  by  independent  symmetric  Gaussian  distributions  with 
mean  zero  and  variance  J/jN.  The  second  term  in  the 
Hamiltonian  (1)  describes  the  cubic  anisotropy  field  of 
strength  K  favoring  spin  alignment  along  the  edges  (K>0)  or 
diagonals  (K<0)  of  a  three-dimensional  cube  with  edges 
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along  the  respective  coordinate  axes.  The  mode)  described 
by  Eq.  (1)  undergoes  a  transition  between  the  paramagnetic 
( P )  and  the  spin-glass  (SG)  phases  as  a  function  of  the  tem¬ 
perature  T  and  the  anisotropy  strength  K.  To  our  knowledge 
the  boundary  between  these  phases  has  not  been  calculated 
previously  even  in  the  classical  case.  The  purpose  of  this 
work  is  to  use  available  approaches  from  which  the  phase 
boundary  can  be  calculated. 

We  present  the  results  of  two  alternative  investigations 
of  this  model.  One  is  the  Matsubara  imaginary-time  repre¬ 
sentation  combined  with  the  n  -replica  approach  and  the  other 
is  the  thermofield  dynamic  method9  (a  real-time  finite- 
temperature  quantum  field  theory).  Here  we  restrict  ourselves 
to  the  simplest  approximations.  Within  the  Matsubara  time 
formalism  we  employ  the  static  approximation  (SA)  which 
neglects  the  imaginary  time  dependence  of  the  so-called  dy¬ 
namic  self-interaction  of  the  spins  created  by  the  quantum 
fluctuations.  In  the  latter  approach,  we  derive  the  results  us¬ 
ing  the  instantaneous  approximation  (LA)  for  the  dynamic 
self-interaction,  i.e.,  we  approximate  its  real-time  part  by  an 
instantaneous  term. 

For  both  approaches  the  derivation  of  the  critical  line 
equations  follows  closely  that  for  the  quantum  Ising  model 
discussed  in  detail  elsewhere.8  Here  we  report  onl^  the  most 
important  results  referring  to  the  location  of  the  phase  tran¬ 
sition  line.  Thus,  for  the  spin-glass  freezing  temperature  from 
the  Matsubara  time  formalism  we  obtain 

(?I>1 

£jl*exp[«2f«1 . {„)]  =  <>.  (2) 

The  effective  single-ion  Hamiltonian  is  equal  to 

/2  £„5„+/3K(S4  +  S;+54),  /S=l lk„T. 

m 

(3) 

In  the  second  approach  which  relies  on  the  thermofield 
dynamic  method  the  phase  boundary  is  given  by 

l=^o.  W 

where  xo  is  the  local  static  susceptibility  related  to  the  single- 
site  effective  Hamiltonian: 
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FIG.  1.  The  anisotropy-temperature  phase  diagram  for  the  Ising  model  with 
5=2:  imaginary-time  approach  SA  (solid  line);  thermofield  dynamic  method 
LA  (broken  line).  The  lines  separate  the  SG  phase  from  the  paramagnetic 
region.  T:  temperature  in  units  of  J  =  K:  anisotropy  in  units 

ofJ. 


«£=  Sl-K(S*x+S*y+S*).  (5) 

We  calculated  the  phase-separation  lines  for  the  Ising,  the 
XY,  and  the  Heisenberg  models  for  a  few  relevant  low  spin 
values,  i.e.,  for  2=s5=s9/2.  A  qualitative  difference  between 
the  imaginary-time  static  approximation  and  the  thermofield 
dynamics  instantaneous  approximation  is  found  for  S  =2  for 
the  Ising  and  the  XY  models.  For  large  negative  anisotropy 
(fC<0)  the  former  method  predicts  an  asymptotic  behavior, 
whereas  the  latter  yields  a  finite  critical  value  Kc(T=0)  (see 
Fig.  1).  For  S>2  in  all  models,  both  approximations  used 
give  the  same  qualitative  behavior,  although  quantitative  dif¬ 
ferences  are  present.  Figures  1-3  show  examples  of  the  re¬ 
sulting  phase  diagrams  for  the  Ising,  the  XY,  and  the  Heisen¬ 
berg  models.  In  the  models  studied  for  integer  spins  and 
sufficiently  large  anisotropy  (K>0  for  even  5  and  K< 0  for 
odd  S)  the  phase  transition  between  the  SG  and  paramagnetic 
phases  occurs  at  all  temperatures.  For  half-integer  5  the  spin- 
glass  phase  persists  for  arbitrary  K. 

Similar  behavior,  though  in  a  different  context,  was  ob¬ 
served  in  the  model  described  by  Eq.  (1)  when  the  random 
long-range  interactions  J,t  were  replaced  by  ferromagnetic 
short-range  ones.10  In  the  integer  spin  case  a  condensation  in 
file  nonmagnetic  spin  state  results,  whereas  for  noninteger 
spin  one  observes  an  asymptotic  behavior  for  negative  and 
positive  values  of  K.  It  is  interesting  to  note  that,  in  the 


FIG.  2.  The  anisotropy-temperature  phase  diagram  for  the  XY  model  (SA) 
with  5=5/2  (dash-dotted  line),  5=3  (dashed  line),  and  5=7/2  (solid  line). 
The  lines  separate  the  SG  phase  from  the  paramagnetic  region.  Temperature 
(T)  and  anisotropy  ( K )  are  in  units  of  J. 


FIG.  3.  The  anisotropy -temperature  phase  diagram  for  the  Heisenberg 
model  (LA)  with  5=4  (broken  line)  and  5=9/2  (solid  line).  The  lines  sepa¬ 
rate  the  SG  phase  from  the  paramagnetic  region.  Temperature  (T)  and  an¬ 
isotropy  (K)  are  in  units  of  J. 
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systems  with  integer  spins  also,  uniaxial  anisotropy  leads  to 
a  destruction  of  the  magnetic  order.  This  destruction  occurs 
in  the  presence  of  both  the  long-range  (random6)  as  well  as 
the  short-range  (antiferromagnetic11)  interactions. 
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Cooling  in  a  weak  magnetic  field  the  random  magnetic  anisotropy  (RMA)  spin  glasses  Dy^Y,  _rAl2 
(x  =0.3, 0.4)  induces  unidirectiona]  and  uniaxial  anisotropies,  on  top  of  the  cubic  coherent  one.  The 
unidirectional  anisotropy  constant  K'jMA  has  been  determined  at  3.8  K,  amounting  at  zero  applied 
field  127  and  255  J/m3  for  x  =0.3  and  0.4,  respectively.  The  predicted  model  ratio  between  /fJuu 
and  the  uniaxial  constant  Kl^,  i-t.,  K\MA=2KfMAt  has  been  confirmed.  As  by-product  the  relevant 
RMA  parameter  D2/J,  where  D  is  the  RMA  crystal  field  strength  and  J,  the  exchange  constant  has 
been  determined,  as  well  as  separate  estimates  of  D  and  J. 


I.  INTRODUCTION  AND  EXPERIMENTAL  DETAILS 

The  intermetallics  Dy.Y^Alj  crystallize  in  the  cubic 
Laves  phases  structure.  Extensive  magnetic  measurements: 
low  field  ac  susceptibility,1'2  low  field  FC  and  ZFC 
magnetizations,3'4  Arrott  plots,4  hysteresis,3,3  ferromagnetic¬ 
like  critical  scaling,3  critical  scaling  of  the  nonlinear 
susceptibility,''4  law  of  magnetization  approach  to 
saturation,3'6  small  angle  neutron  scattering  (SANS),2  obser¬ 
vation  of  Gabay  Toulouse  transition  lines,4  and  Bragg  neu¬ 
tron  scattering,8  point  out  the  existence  of  a  weak  random 
magnetic  anisotropy  (RMA),  induced  by  the  yttrium  substi¬ 
tution  and,  in  part,  of  magnetoelastic  origin,3  superposed  to 
the  cubic  coherent  one.  The  magnetic  phase  diagram,1,3'6  en¬ 
compasses  paramagnetic  (P),  spin  glass  (SG),  correlated  spin 
glass  (CSG),  random-ferromagnetic  (RFM),  and  ferromag¬ 
netic  (FM)  phases,  with  a  triple  point  at  x,=0.31  and  T,= 5.9 
K.  The  predicted9  low-temperature  first-order  phase  transi¬ 
tion  from  CSG  to  FM,  driven  by  the  cubic  coherent  anisot¬ 
ropy,  was  observed6,8  by  the  first  time.  Estimates  of  the  RMA 
crystal  field  strength  parameter  D  and  of  the  ferromagnetic 
exchange  constant  J  yield  ratios  DIJ  ~0.05.3  A  determina¬ 
tion  of  ( DU)2(RJa )3,  where  a  is  the  lattice  constant  and  Ra 
the  structural  correlation  length,  shows  an  increase  of 
Am(DU)2  with  decreasing  x. 

We  have  now  focused  on  the  determination  of  the  mac¬ 
roscopic  field-cooled-induccd  anisotropy  of  RMA  origin, 
with  the  determination  of  the  corresponding  anisotropy  con¬ 
stant  Kkua,  the  system  exhibiting,  at  die  lower  fields  of  mea¬ 
surement  0.7  kOe),  both  unidirectional  and  uniaxial 
RMA  origin  anisotropies.  Most  anisotropy  measurements  up 
to  now  have  been  done  either  in  canonical  SG, 
polycrystalline,10  or  crystalline  uniaxial,"  and  where  the  an¬ 
isotropy  is  of  Dzialoshinsky-Moriya  (DM)  type,  or  in  rare 
earth-transition  metal  amorphous  alloys,  where  the  anisot¬ 
ropy  is  of  RMA  character  only.12  In  our  present  Dy,Y,  _,A12 
crystals  we  have  the  additional  complication  of  the  cubic 
coherent  (CC)  anisotropy,  three  orders  of  magnitude  larger 
than  the  induced  weak  of  RMA  origin,  making  the  determi¬ 
nation  of  the  latter  considerably  mote  difficult. 


Single  crystals  with  Dy  concentrations  x =0.3,  0.4  were 
grown  by  the  Czochralski  technique,  the  samples  being  discs, 
with  their  base  parallel  to  the  (110)  plane,  containing  the 
(100)  easy  axis,  for  the  CC  anisotropy.  The  RMA  origin  easy 
axis  was  induced  by  cooling  the  samples  from  the  PM  phase 
in  the  presence  of  the  measuring  magnetic  field  (0.3-20 
kOe),  down  to  3.8  K,  both  compounds  being  in  the  SG 
regime.1-3'4  The  FC  direction  was  (100),  to  have  the  CC  and 
macroscopic  RMA  easy  axes  coincident.  The  magnetic  an¬ 
isotropy  was  measured  from  the  perpendicular  to  the  field  H, 
magnetization  component  Mx,  inasmuch  as  the  anisotropy 
torque  is  Lk=MxH.  The  sample  was  rotated  within  the  field 
and  in  the  (110)  plane,  and  M 1  recorded  versus  the  angle  of 
rotation  'P  formed  by  H  with  (100)  direction.  Corrections 
were  made  to  determine  the  angle  0  formed  by  the  magneti¬ 
zation  vector  M  with  the  (100)  initial  direction.  M±  was 
measured  using  an  induction-extraction  magnetometer.  The 
magnetic  field  was  accurately  monitored  with  a  calibrated 
Hall  probe. 

II.  OUTLINE  OF  MODEL  OF  MACROSCOPIC  RMA 

Two  models  have  been  proposed  which  predict  the  ex¬ 
istence  of  unidirectional  and  uniaxial  anisotropy  contribu¬ 
tions  in  RMA  and  DM  spin  glasses  and  ferromagnets  with 
RMA.  One  is  the  anisotropy  triad  model  of  Saslow,13  the 
other  the  model  proposed  by  Henley  et  al.lt  (HSH).  We  will 
adhere  to  the  HSH  model,  with  specific  application  to  our 
problem  of  weak  RMA  crystalline  systems.  We  start  with  the 
usual  RMA  Hamiltonian, 

H=J'Z  1  S°S°+d'2  (p°S°)2,  (1) 

i,j  a, (3  ia 

where  p,  are  the  local  RMA  easy  axis  (EA)  direction.  i,j 
stand  for  the  sites  and  a,f)  for  the  spin  components.  We 
assume  uncorrelated  EAs,  i.e.,  (p"pf)n~i4 j 

where  (...)„  stands  for  the  spatial  average.  In  our  situation  of 
weak  RMA  (DU  small),  in  any  metastable  state  of  the  SG 
system  in  zero  applied  field,  spins  will  try  to  remain  aligned 
due  to  the  strong  exchange,  tilting  away  from  the  local  EAs. 
Then,  from  the  situation  of  perfect  alignment  of  spin  and  EA 
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direction  components,  exchange  energy  will  increase  on  av¬ 
erage,  <\£„  =  J(S“Sf  -  p°pf)„  =  J(S‘Sf  -  fa,6a/l)„. 
From  the  point  of  view  of  the  weak  anisotropy,  spins  will 
appear  perfectly  aligned  by  the  strong  exchange,  so  that 
(SfSf)  =  jS„0,  the  decrease  in  anisotropy  energy  being,  for  a 
single-ion  i, 

A £.=  -DC,Sat)-p°pf). 

In  equilibrium  A£M+A£a=0,  obtaining  (S?Sf)„ 
&—(DIJ)p°p?,  which  introduced  in  Eq.  (1)  yields  for  the 
average  RMA  energy,  per  spin, 

£“=-^2  (p?pf)(p?pf),-  (2) 

J  ia.fi 


Performing  now  a  uniform  or  bodily  rigid  rotation,  R(0),  of 
the  spin  system  part  in  Eq.  (2),  i.e.,  of  (p“pf)„  where  R(0) 
is  the  S03  matrix,  the  average  anisotropy  energy  cost  becom¬ 
ing  from  Eq.  (2)  is 

p 2 

A£rma =-rS  {(prpf)[(Rp,)a(KPi)fi]-(prpf)2}-  (3) 

J  ia.fi 

Introducing  a  reference  frame  system  fixed  to  the  sample  and 
averaging  A£rma  over  the  local  EA  disorder,  one  obtains  a 
macroscopic  anisotropy  energy  for  the  metastable  state  of  the 
form  (except  for  a  constant  term), 

^'«MA=  —  ^rma  005  cos2  8,  (4) 

where 


4  O2 

^  j. 


(5) 


N  being  the  ion  number  per  volume  unit.  The  total  anisot¬ 
ropy  energy  is  Ej?**  plus  the  CC  one  the  torque  acting 
upon  the  magnetization  vector,  r„=  -[<?(£^<A+£^)/^], 


becoming 


r„(«)=-/i:RMA(sin  8+2  sin  20)- 


K ,  KA 
T+-sin2<l 


FIG.  1.  Field  dependence  of  the  cubic  anisotropy  constants  X,  and  K2  at  3.8 
K,  for  Dy0jY07Al2  <0,«)  and  Dy„,Y01Al2  (A.A). 


being  the  induced  thermoremanent  one  (TRM),  due  to  the 
RMA.  At  finite  but  low  enough  fields,  the  magnetization  vec¬ 
tor  will  be  M=*H+Mr,  where  *  is  the  first-order  cubic 
susceptibility  (isotropic)  and  M„  the  TRM.  We  have  traced 
ra(0)  torques  for  decreasing  fields,  between  a 20  and  3=0.25 
kOe.  In  Fig.  1  we  present  the  field  dependences  of  K ,  and  K2 
for  both  compounds,  and  we  can  observe  bow  both  constants 
decrease  with  decreasing  field,  the  RMA  torque  dominating 
at  low  enough  fields.  At  high  fields,  torque  curves  show  in 
fact  clearly  sin  40  and  sin  60  components  (see  Fig.  2). 

In  Fig.  3  we  present  the  measured  torques  at  the  fields  of 
measurement  H=0.30  and  0.25  kOe  for  x=0.3  and  0.4, 
respectively,  together  with  fits  including  only  sin  8 and  sin  20 
components.  Notice,  for  x=0.4,  the  strong  unidirectional 
character  of  the  torque.  The  8  dependent  torque  is  superim¬ 
posed  on  a  constant  one,  responsible  for  the  rotational  “hys¬ 
teresis”  observed  when  performing  a  2ir  rotation,  not  con¬ 
sidered  in  Eq.  (6).  The  origin  of  this  torque  could  be  ascribed 
to  a  magnetization  component  rotating  in  phase  with  H,  cast 
by  spins  with  short  relaxation  times. 


3  Ki  K2\  3  K2 

— +~)sin4#+— sin6fl,  (6) 

where  Ky  and  K2  are  the  CC  anisotropy  constants.  Therefore, 
the  uniaxial  RMA  torque  is  contaminated  by  the  CC  anisot¬ 
ropy  one,  one  of  the  main  difficulties  for  the  determination  of 

f'RMA- 

IK.  EXPERIMENTAL  RESULTS  AND  INTERPRETATION 

The  CC  anisotropy  constants  Kt  and  K2  are  (see  below) 
around  three  orders  of  magnitude  larger  than  Krma-  Then, 
high-field  measurements  where  the  sample  is  likely  a  single 
domain  are  useless  to  determine  Erma-  To  perform  such  a 
determination  we  need  to  average  out  the  CC  anisotropy. 
This  has  been  realized  by  decreasing  the  measuring  field  be- 
krw  a  experimentally  determined  level  where  the  crystal  be¬ 
comes  decomposed,  in  the  H-0  limit,  in  six  systems  of 
magnetic  domains,  along  (100)  directions,  giving  an  average 
spontaneous  magnetization  <M,)=0,  the  only  magnetization 


FIG.  2.  High-field  (H = 10  kOe)  torques  at  3.8  K  vs  tbe  angle  $  of  the 
magnetization  vector  with  the  [100]  direction  and  within  the  (110)  plane,  for 
the  x=0J  (•)  and  x=0.4  (O)  compounds.  The  curves  are  Fourier  fits 
including  sin  9,  sin  20,  sin  40,  and  sin  60  components.  The  coefficient  of 
sin  $  is  irrelevant 
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FIG.  3.  S*me  as  Fig.  2  with  applied  field  H=  0.25  sOe.  (•>  *=0.3,  fO> 
*=0.4.  The  curves  are  the  fits  with  the  theoretical  torque  obtained  from  Eq- 
(4).  The  constant  torque  background  is  F0=3S1  and  357  J/m \  for  *=0.3  and 
*=0.4,  respectively. 

In  Fig.  4  we  show  the  field  dependence  of  Kk ^  ob¬ 
tained  from  the  sin  0  component  of  r„,  not  contaminated  by 
the  CC  torque.  The  linear  variation  allows  to  determine,  by 
extrapolation  to  H- 0,  frRMA  at  the  zero-field  spin-glass 
metastable  state.  The  values  so  obtained,  at  T =3.8  K,  were 
Krma  (// =0)  =  127  and  255  J/m3  for  *  =0.3  and  *=0.4,  re¬ 
spectively.  We  notice  that  the  Fourier  coefficient  of  sin  20,  f2 


FIG.  4.  Field  variation  of  the  induced  unidirectioflaJ  anisotropy  constant 
K*ua,  11  7  -3  8  K,  for  *=0.3  (•>  and  *=0.4  (O).  Insert:  Field  variation  of 
(K,/4+Xy64),  at  3.8  K,  for  *=0.3  (O).  Difference  (r1-2T1)  (•)  for  Uie 
low-field  coefficients  of  sio  #r,)  and  sin  2flf T 2)  according  to  the  model  Eq. 
(6). 


was  not  rj=2T,  [T,  is  the  coefficient  for  sin  0>  as  in  Eq.  (6)] 
fa  the  RMA  contribution.  This  should  be  the  effect  of  the 
CC  anisotropy  contamination,  as  demonstrated  in  the  Fig.  4 
insert  where  we  plot  (T 2 — 2T, )  below  *0.7  kOe  (points  •) 
and  [K|/4)  +  (K2/64)l  determined  from  the  coefficient  of 
the  sin  26  torque  component  fa  higher  fields  (points  O),  fa 
*  =0.3.  The  merging  of  both  lines  probes  the  point.  Therefore 
the  model  Eq.  (4)  fa  the  induced  macroscopic  RMA  origin 
anisotropy  has  been  plainly  confirmed. 

Our  final  task  is  to  determine  DlIJ,  from  the  model  ex¬ 
pression  (5),  using  the  H= 0,  JZRMA  values.  We  obtain 
D2/J  =0.007  and  0.01  in  K,  for  *=0.3  and  0.4,  respectively. 
This  parameter  is  quite  relevant  inasmuch  as  it  determines 
the  magnon  gap  S  in  weak  RMA  systems,6  i.e., 
S=(2J15)(D2/J)(R.la)~'.  We  can  also  separately  estimate 
the  D  and  J  values.  It  was  shown  6  that  for  *=0.4,  D/J* 
0.045,  assuming  J?a*10a.  Therefore  from  the  D2IJ  value 
we  obtain  0*0.23  K/ion  and  .7*5.11  K. 
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Temperature  dependence  of  the  hyperfine  field  distributions 
In  the  Fe93.5_xNd;rZrtB  (x=0, 2)  amorphous  alloys 

Q.  K.  Nfcotaktes,  M.  Pissas,  0.  Niarchos,  R.  D.  Taylor, ■*  and  K.  V.  Raob) 

National  Center  for  Scientific  Research  “Demohritos,  '  Institute  of  Materials  Science  Agkia  Parashevi, 

AttHtis  153  10,  Greece 

The  112  K  spin-glass  Fe^  jZr65  and  the  reentrant  Fe^jNdjZr^,  amorphous  alloys  have  been 
studied  at  various  temperatures  with  Mossbaucr  spectroscopy  technique.  At  around  7=  1 35  K  for 
die  FefjjZr^j  and  at  around  7=255  K  for  the  Fe,,  jNdjZr^,  six  broad  lines  appear,  which  are  not 
well  resolved.  This  broadening  is  ascribed  to  the  magnitude  distribution  of  the  magnetic  moments 
of  the  Fe  atoms.  From  the  fitting  of  the  Mossbauer  spectra  at  7=  4.2  K,  the  mean  hyperfine  field 
(H)  and  the  Ecart-type  standard  deviation  <rH  were  estimated,  and  are  (i)  for  the  Fe,3  5Zr6  5  sample, 
<W)~ 205  kOe,  and  <rH— 77  kOe;  (ii)  for  the  Fe,,  sNdjZr^  sample,  (//)~ 228  kOe  and  <rH~70 
kOe.  These  values  are  found  to  be  relatively  consistent  with  the  expected  degree  of  magnetic 
frustration  of  the  correspondingly  Fe  moments,  according  to  the  Fe  content  of  these  alloys. 


I.  INTRODUCTION 

It  is  known  that  the  Fe-rich  Fe-Zr  amorphous  alloys 
exhibit  interesting  magnetic  properties  at  cryogenic 
temperatures.1  Especially  when  the  Zr  content  is  8-12  at.  % 
ac  susceptibility  measurements  have  shown  a  double  transi¬ 
tion  (reentrant)  behavior  below  room  temperature.  That  is,  as 
the  temperature  is  lowered,  a  first  transition  occurs  at  7  =  Tc , 
which  presumably  is  a  paramagnetic  to  ferromagnetic  state 
transition.  When  the  temperature  is  lowered  further,  a  second 
transition  is  encountered  at  7=  T,f  bearing  the  characteristics 
of  a  ferromagnetic  to  a  "spin-glass-like”  transition.  The 
mechanism  responsible  for  the  phenomenon  at  the  lower 
temperature  transition  has  been  for  the  last  decade  the  topic 
of  controversial  results  and  discussions.2-6  However  this  be¬ 
havior  can  be  explained7-9  in  terms  of  the  statistical  fluctua¬ 
tions  of  the  coexisting  and  competing  ferromagnetic  (FM) 
and  antiferromagnetic  (AFM)  exchange  interactions,  where 
the  Gabay  -Toulouse 1  n  magnetic  phase  diagram  would  apply. 
Various  recent  experimental  studies  indicated  that  the  coex¬ 
istence  of  FM  and  AFM  interactions  (which  is  due  to  the 
amorphization  of  these  alloys)  leads  to  a  frustration  of  the 
magnetic  moments  and  consequently  to  the  “collapse”  of  the 
collinear  (ideal)  ferromagnetic  order.  The  degree  of  collapse 
depends  on  the  relative  amount  of  the  AFM  interactions  in¬ 
volved.  In  the  case  where  the  concentration  of  the  AFM  in¬ 
teractions  is  low  (i.e.,  Fe  content  88  at.  %-93  at.  %),  a  non- 
collinear  ferromagnetic  state  results,"  while  in  the  opposite 
case  (Fe  content  >93  at.  %),  a  totally  disordered  magnetic 
state  (spin-glass)  would  be  expected  below  some  temperature 
T„. 

In  our  recent  work,12  we  investigated  the  magnetic  prop¬ 
erties  of  the  amorphous  Fe,3.5_,Nd,Zr6j  alloys,  where 
x=0, 1,  2,  and  3.  It  was  found  that  the  x=0  sample  under¬ 
goes  a  single  transition  from  a  paramagnetic  to  a  spin-glass 
slate  at  7^=112  K,  and  was  suggested  that  this  alloy  could 
represent  the  percolation  limit  of  the  long-range  ferromag¬ 
netic  interactions.  The  Nd  substituted  samples  exhibit  a 
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double  transition  behavior,  where  the  width  of  the  ferromag¬ 
netic  plateau  increases  with  increasing  Nd  content.  This  be¬ 
havior  of  the  Nd  substituted  samples  was  rather  expected, 
since  Nd  couples  ferromagnetically  with  Fe  atoms,  and  this 
results  in  an  increase  of  the  amount  of  the  FM  interactions. 
In  order  to  have  a  better  picture  of  the  magnetic  states  of  the 
amorphous  alloys  Fe93  5  xNd,Zrfe5  on  a  microscopic  level, 
we  carried  out  detailed  Mossbaucr  studies  of  the  samples 
with  x  =  0  and  2  at.  %  of  Nd  content,  at  various  tempera¬ 
tures. 

II.  EXPERIMENTAL 

Ingots  of  nominal  composition  Fe,}  s-,Nd,Zr6  with 
x  =  0  and  2  were  prepared  in  a  arc-melting  furnace  under  a 
continuous  flow  of  argon  gas,  and  subsequently  melt  spun 
under  a  relatively  low  pressure  of  argon  atmosphere.  The 
obtained  ribbons  were  5-60  cm  in  length,  20  /t  thick,  1.5 
mm  wide,  and  shiny.  The  amoiphicity,  chemical  composi¬ 
tion,  and  the  quality  of  the  samples  has  been  verified  using 
x-ray  diffraction  and  Inductively  Coupled  Plasma  absorption, 
ac  susceptibility  measurements  were  performed  using  a  cali¬ 
brated  and  balanced  mutual  inductance  bridge,  employing  a 
two  phase  PAR  lock-in  signal  analyzer,  so  we  were  able  to 
measure  both  components  of  *AC,  the  real  \  ,  and  the  imagi¬ 
nary  V  simultaneously.  The  ac  results  were  also  corrected 
for  demagnetizing  effects.  For  the  dc  magnetic  studies  we 
employed  a  Quantum  Design  SQUID  magnetometer  and  a 
PAR  VSM.  The  Mossbauer  measurements  were  obtained 
with  a  constant  acceleration  spectrometer  using  a  57Co-Rh 
source. 

M.  RESULTS  AND  DISCUSSION 
A  F^uZru 

In  Fig.  1(a)  are  shown  the  Mossbauer  spectra  of  the 
amorphous  Fo^^Zr,,,  at  various  temperatures,  starting  at  KT 
down  to  4.2  K.  The  observed  spectra  were  analyzed  using  the 
Le  Caer  program,13  and  the  distribution  of  the  magnetic  hy¬ 
perfine  fields  P(H)  was  obtained  for  each  spectrum.  The  RT 
spectra  show  a  paramagnetic  behavior  with  broad  absorption 
lines  indicating  the  existence  of  some  distribution  of  quadra- 
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FIG.  I.  Morabmer spectra  it (.) ST.  131. 117, 100. 90,  SO,  45.  and 4.2 K  for 
Fe«j2r„  (b)  and  at  RT,  235, 196,  US,  62,  and  4.2  K  for  Fe,,,NdjZr,, 


pole  interactions.  In  addition,  the  low  velocity  absorption 
pan  is  deeper  and  slightly  sharper  than  the  high  velocity  one. 
This  might  have  been  caused  from  a  correlation  between  the 
isomer  shift  and  the  quadrupole  interactions.14  The  mean 
quadrupole  splitting  was  found  to  be  (A£0)  =  0.3  mm/s  and 
tbe<Fa£a  =  0.1  mm/s.  Between  RT  and  150  K,  the  spectra  do 
not  indicate  any  change.  Down  to  135  K  the  evolution  of  the 
whole  spectrum  is  characterized  by  a  sharp  increase  of  the 
line  broadening  with  decreasing  temperature.  Between  135 
and  45  K  there  is  no  longer  any  resolved  structure  in  the 
lineshapc.  In  addition,  it  can  be  seen  in  Fig.  1  that  the  spectra 
exhibit  a  magnetic  character  down  to  90  K,  but  the  lines  are 
broad  and  not  well  resolved.  A  major  part  of  the  spectra  is 
due  to  the  Fe  atoms  in  the  paramagnetic  state.  The  distribu- 
ti°n  of  H  [Fig.  2(a)]  down  to  90  K  exhibits  a  tail  on  the  right 
side  of  its  maximum,  while  at  temperatures  lower  than  80  K, 
where  the  sextet  gradually  appears,  this  tail  moves  to  the  left 
side  of  the  maximum.  At  4.2  K  the  fitting  of  these  spectra 
gave  the  following  results:  (H)  =  205  kOe  and  <r„=  77  kOe. 
Using  the  conversion  factor  150  kG/ft» ,  (H)  corresponds  to 
an  Fe  moment  of  1.36 nt .  Here,  also,  it  has  to  be  noted  that 
the  paramagnetic  character  at  4 2  K  is  reduced  substantially. 
In  Fig.  3  the  thermal  evolution  of  mean  hyperfine  field  (H) 
versus  temperature  for  Few  jZr^  and  Fe9)  5Nd2Zr6J  is  pre¬ 
sented. 


FIG.  2.  Hyperfine  magnetic  field  distributions  of  (a)  Fe,j5Zr65  and  (b) 
Fe9l.9Nd2Zf&5  (W*  **  different  temperatures. 


B.  Fn„  JWa&a, 

The  substitution  of  Fe  by  Nd  results  in  an  increase  of  the 
temperature,  where  the  Mossbauer  spectra  show  a  magnetic 
character.  In  Fig.  1(b)  and  Fig.  2(b)  are  also  shown  the  Moss¬ 
bauer  spectra  and  the  hyperfine  field  distributions,  respec¬ 
tively,  of  the  Fe,!  jNdjZrjj  amorphous  alloy  for  some  tem¬ 
peratures  in  the  range  of  300-4.2  K.  At  F=300  K,  the 
spectrum  is  similar  to  the  one  of  Fe,v5Zr6  5  alloy,  and  the 
average  quadrupole  splitting  according  to  the  fitting  results  is 
found  to  be  the  same  as  in  the  case  of  Fe,3  5Zr6  j.  As  the 
temperature  is  lowered  at  T=  255  K  the  magnetic  structure 
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starts  appearing,  but  the  absorption  lines  show  a  strong  over¬ 
lapping.  At  this  temperature,  the  mean  field  from  the  fitting 
procedure  was  found  to  be  (H)  =  79  kOe  and  crH= 47  IcOe. 
In  addition,  the  H  distribution  exhibits  a  tail  on  the  right  side 
of  its  maximum  value,  and  this  behavior  reverses  as  the  tem¬ 
perature  is  reduced  to  7=  196  K,  while  trH  varies  from  50  to 
70  kOe.  The  behavior  of  the  (H)  field  demonstrates  that  a 
significant  portion  of  Fe  exhibits  a  paramagnetic  character. 
As  temperature  is  lowered  further,  the  magnetic  hypcrfine 
lines  progressively  separate  out  as  the  overall  splitting  in¬ 
creases.  At  7= 4.2  K  it  is  found  that  {H)= 228  kOe  or 
1.52 Ms  and  aH= 70  kOe.  Interpolating  the  results  of  Fig.  3, 
the  temperature  above  which  (H)=0  is  found  to  be 
7\r ~  ^ 5 5  K  for  Feyl  ,Nd2Zj^ <  and  Tjg— 135  K  for 
Fe^jZrjj.  For  the  x=2  sample,  there  is  a  break  in  slope  in 
the  temperature  dependence  of  (H)  at  110  K,  which  can  be 
attributed  to  the  reentrant  spin-glass  transition. 

The  above  temperatures  (TM)  are  about  20  K  higher 
than  the  corresponding  transition  temperatures  extracted 
from  the  ac  and  dc  susceptibility  data  seen  in  Figs.  4-6.  It 
has  to  be  noted  that  in  the  case  of  die  dc  susceptibility  data 
for  the  Fe^jZr^j,  the  transition  temperature  has  to  be  taken 


FIG.  5.  Magnetization  vj  tempenhne  lor  FenjZr^j. 


FIG.  6.  Magnetization  vs  temperature  for  Fe,,  , 

as  the  temperature,  for  which  the  irreversibility  between  the 
ZFC  and  FC  data  occurs.  The  x'(T)  data  for  Fe^ jZr6 5  show 
a  single  transition  at  7*7^=112  K,  while  for 
Fe„jNd2Zr6j,  7C  =  235  K.  Following  Meyer  era/.,15  at 
7=7_  a  spin  glass  system  stays  essentially  within  one 
well,17  but  there  are  numerous  rapid  transitions  between  ex¬ 
cited  states  of  the  system  within  this  well.  The  Mossbauer 
spectra  appear  static  in  this  temperature  range,  because  these 
intrawell  effects  occur  on  a  very  short  time  scale,  as  with 
magnons  in  a  ferromagnet.  In  the  spin  glasses,  there  are  in¬ 
terwell  relaxation  processes  that  accelerate  rapidly  as  the 
temperature  is  raised.  If  the  system  is  jumping  rapidly  be¬ 
tween  wells  on  the  time  scale  of  some  particular  experiment, 
it  will  appear  to  be  paramagnetic.  For  7<  Tv,  the  samples 
possess  a  static  behavior,  while  between  7^  and  Tu  there 
might  be  jumps  between  different  wells  at  less  than  the 
Mossbauer  frequency. 

'H.  Hiroyoshi  and  K.  Fukamichi,  Phys.  Leu.  ASS,  242  (1981). 

ZH.  Hiroyoshi  and  K.  Fukamichi,  J.  Appl.  Fhys.  S3,  2226  (1982). 

5Z.  Wronski,  A  J.  Janicki,  and  H.  Matyja,  J.  Mai.  Sci.  Leu.  2,  50  (1983). 
4J.  J.  Rhyne  and  G.  E  Fuh,  J.  Appl.  Phys  S7,  3407  (1985). 

JG.  K.  Nicolaides,  G  Wei,  G.  C.  Hadjipanayis,  and  K.  V  Rao.  Mat.  Sci. 
Eng.  n.  69  (1988). 

*N.  Saito,  H.  Hiroyoshi,  K.  Fukamichi.  and  Y.  Nakagawa,  J.  Fhys-  F:  Mel. 
Phys.  16,  911  (1986). 

7D.  H.  Ryan,  J.  O.  Strom  Olsen.  R.  Provenccr,  and  M.  Townsend,  J.  Appl. 
Fhys.  64.  5787  (1988). 

®D.  H.  Ryan,  J.  M.  D.  Coey,  E.  B# tails,  Z.  Altounian,  and  J.  O.  Slrom- 
CHacn,  Fhys.  Rev.  B  35,  8630  (1987). 

’  K  Moorjani  and  J.  M.  D.  Coey,  in  Magnetic  Glasses  (Elsevier,  Amster¬ 
dam,  1964). 

,0M.  Gabay  and  G.  Toulouse,  Phys.  Rev.  Lett  47,  201  (1981). 

"G.  K-  Nicolaides,  G.  C.  Hadjipanayis.  and  K.  V.  Rao.  Phys.  Rev.  B  48. 
12  759  (1993). 

,20.  K.  Nicolaides  and  K.  V.  Rao,  J.  Appl.  Phys.  *»,  5081  (1991);  G.  K. 

Nicolaides  and  K.  V.  Rao,  1.  Magn.  Magn.  Mater.  125, 195  (1993). 

I5G.  Le  Caer,  J.  M.  Dubois,  H.  Fischer,  U.  Gooscr,  and  H  .  G.  Wagner,  Nud. 

lnstntm.  Methods  Fhys.  Res.  B  5,  25  (1984). 
i4G.  Le  Caer,  J.  M.  Cadogan,  R.  A  Brand,  ].  M.  Dubois,  and  H.  J. 

Guntherodt,  I.  Fhys.  F.  Meteotol.  Phys.  14,  L73  (1984). 

UC  Meyer,  F.  Hartmann-Boutroo,  Y.  Gros,  and  1.  A  Campbell,  J.  Magn 
Magn.  MaL  46,  254  (1985). 

“K.  Binder  and  A  P.  Young,  Rev.  Mod.  Phys.  58.  801  (1986). 


J.  Appl  Phy*.,  Vol  79,  No.  10, 15  May  1804 


NteoWttea  «4  rf.  5865 


Blocking  of  logarithmic  temporal  relaxation  of  magnetic  remanence 
by  piezomagnetically  induced  domains  in  Fe,  _xZnxF2 

J.  Kushauer,  C.  Binek,  and  W.  Kleemann 

Angervandte  Physik,  University  of  Duisburg,  47048  Duisburg,  Germany 

Faraday  rotation  and  superconducting  quantum  interference  device  magnetometry  were  used  to 
investigate  the  relaxation  of  the  weak-field  induced  remanence,  /x,  of  the  random-field  Ising  model 
system  Fe,  _4Zn4F2.  The  stretched  logarithmic  decay  law,  as  predicted  by  Nattermann  and  Vilfan  for 
the  case  of  compact  domains  with  fractal  surfaces,  was  confirmed  for  freezing  fields  of  3sfis5  T. 
Virtually  constant  remanence,  /x,  was  found  at  low  fields,  0.0002;sfls  1 .5  T.  This  ferrimagnetic 
moment  is  due  to  the  piezomagnetic  effect  acting  on  random-stress  induced  immobile  domains. 
Chemical  etching,  which  removes  surface  stress  originating  from  the  sample  preparation,  proves  to 
decrease  the  remanence  by  about  50%,  part  of  which  is  restored  after  renewed  optical  polishing. 


I.  INTRODUCTION 

Diluted  uniaxial  antiferromagnets  (AFs)  exposed  to  a 
uniform  external  magnetic  field,  B,  are  well  known  to  exhibit 
the  critical  behavior  of  the  random-field  Ising  model 
(RFIM).1-2  Recently,  considerable  interest  has  been  focused 
onto  their  nonequilibrium  behavior  after  field  cooling  (FC)  to 
below  T„aTc(fl).  Metastable  domain  states3  arise,  which 
are  characterized  by  finite  correlation  lengths  of  the  AF  order 
parameter4  and  excess  magnetization,  A  M,  which  is  prima¬ 
rily  concentrated  on  the  domain  walls.3  After  removing  B  a 
small  portion  of  about  10%  remains  as  long-lived  thermore¬ 
manent  magnetization  (TRM),  fi.  In  the  absence  of  random- 
field  (RF)  pinning  at  B  =0,  /x  evolves  with  time  via  random- 
exchange  Ising  mode!  (REIM)  dynamics.3  This  was 
demonstrated  on  prototypical  systems  like  Feo  7Mgb.jC)/ 
and  Fe„  47Zno  5jF27  as  well  as  in  Monte  Carlo  simulations.8  It 
was  noticed  that  no  significant  growth  of  the  correlation 
length,  after  removing  B,  is  visible  in  neutron  scattering 
experiments.4  This  means  that  the  reduction  of  the  long-lived 
TRM  arises  merely  from  local  rearrangements  of  the  spins 
on  the  AF  domain  boundaries.  For  this  situation  stretched 
logarithmic  decay  with  time,  t, 

nU)  =  a[\tt(tlT)]-*,  (1) 

was  predicted  by  Nattermann  and  Vilfan  (NV)3  and  con¬ 
firmed  by  measurements  on  Fe07Mg03Cl26  and 
Fco^Zno^jF/  after  FC  in  weak  fields,  Bl\J\  —0.1,  to  low 
temperatures,  TITS~().\.  J,  TN,  and  t  are  the  leading  ex¬ 
change  constant,  the  Neel  temperature,  and  a  microscopic 
relaxation  time,  respectively.  In  accordance  with  theory3  ex¬ 
ponents  ■ '0.55  were  observed.  At  larger  fields, 

«/|/|sl,  and  higher  temperatures,  T/TNs  1,  however,  the 
poiydispersivity  of  the  TRM  decay  function  is  better  de¬ 
scribed  by  ordinary  or  generalized  power  raws.7  This  is  re¬ 
lated  to  volume  relaxation  processes  of  interpenetrating  frac¬ 
tal  domains,  which  render  the  system  spin-glass  like.3 

Surprisingly,  recent  TRM  experiments  on  Fe<)  47ZnoJ3F29 
did  not  reveal  better  agreement  with  the  NV  prediction,  Eq. 
(1),  in  the  very  low  B  range.  On  the  contrary,  constant  weak 
TRM  emerges,  which  is  virtually  independent  of  B<  1.5  T 
and  r.  Its  temperature  dependence  approximately  follows  that 
of  the  AF  order  parameter.  It  was  argued9  that  this  unex¬ 
pected  effect  is  due  to  the  formation  of  random  shear-stress 


induced  AF  domains.  They  are  expected  to  carry  weak  ferri- 
magnetic  moments  owing  to  symmetry-allowed  piezomag¬ 
netism  of  the  rutile-type  crystal  structure."'  In  fact,  the  for¬ 
mation  of  surface-stress  induced  AF  domains  was  evidenced 
previously"  on  MnF2  via  neutron  topography.  On  the  other 
hand,  residual  magnetization  persisting  in  poling  fields  as 
low  as  B  =  10-3  mT  were  recently  observed.17  Very  probably, 
this  hitherto  unexplained17  ferrimagnetism  is  related  to  re¬ 
sidual  stress  originating  from  sample  growth  and  prepara¬ 
tion. 

This  idea  will  be  pursued  in  the  present  paper.  First,  we 
recall9  the  crossover  from  logarithmically  relaxing  to  piezo¬ 
magnetically  frozen  TRM  on  a  sample  of  Fe047Zn0  53F2 
when  decreasing  B  from  4.86  to  0.001  T.  Second,  on  a 
sample  of  Fe06Zn,,4F2  with  smaller  stress-induced  TRM,  a 
weak  B  dependence,  /u*#003,  is  found  for  B <0.1  T.  This  is 
explained  by  the  inhomogeneity  of  the  built-in  stress  fields. 
Furthermore,  by  chemical  etching  of  the  surface  the  TRM  is 
asymptotically  reduced  to  its  bulk  value.  Subsequent  me¬ 
chanical  polishing  partially  restores  the  surface-stress  in¬ 
duced  TRM.  Its  time  independence  is  demonstrated. 

II.  EXPERIMENTAL 

Relaxation  of  the  field-induced  TRM  was  observed9  on 
the  same  diluted  sample  of  Fe0  47Zn0;jF2  used  previously.7 
In  a  longitudinal  magnetic  field,  parallel  to  the  crystallo¬ 
graphic  c  direction,  the  Faraday  rotation  (FR)  angle  8,  <*M, 
was  measured  with  light  of  wavelength  \=442  nm  using  a 
compensation  circuit  with  a  resolution  of  Afr~5xi0-4  deg 
and  previously  described  modulation  techniques.6  The  data 
were  taken  after  FC  from  T=2TS(~80  K)  to  T=2.8  K.  Af¬ 
ter  stabilizing  the  temperature  T  to  within  AT=1  mK,  the 
field  was  switched  off.  The  switch-off  time  was  properly7 
taken  into  account  when  fitting  to  the  different  decay  laws. 

Commercial  superconducting  quantum  interference  de¬ 
vice  (SQUID)  magnetometers  (Quantum  Design  MPMS2 
and  MPMS5S)  were  used  to  determine  the  TRM  of  two 
samples,  Fe0  47Zn053F29  and  Fe^Zn^Fj ,  after  FC  in  a  con¬ 
stant  field,  0. 00024 T,  from  T~2TN  to  T- 10  and  (for 
obtaining  the  paramagnetic  response)  55  K.  Furthermore,  the 
low-field  TRM,  /x(0.24  mT),  of  the  Fe0  6Zn0  4F2  sample  was 
repeatedly  measured  both  at  T=10  and  55  K  after  stepwise 
etching  with  diluted  nitric  acid  (4  vol  %  HNQ3  in  H2Q  at 
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FIG.  1.  Remnant  Faraday  rotation  angle,  8,  vs  time.  /,  (a)  measured  on 
Fe047Zn053F2  with  \=442  nm  at  7" =2.8  K  after  FC  with  B=AT  (Ref.  9). 
The  solid  line  is  a  best  fit  to  the  NV  function,  Eq.  (1).  Deviations  of  the 
experimental  data,  8  vs  /  (a),  from  the  best-fitted  NV  function  and  the  power 
law  approximation,  are  shown  as  18  vs  t  [(b)  and  (c),  respectively]. 


<  T =293  K).  After  5  h  total  etching  time  the  sample  was  re- 

polished  with  7  and  1  /im  diamond  abrasive  in  order  to  dem¬ 
onstrate  the  surface  stress  induced  ferrimagnetic  moment. 
The  loss  of  weight  of  the  sample  due  to  etching  and  polish¬ 
ing  was  monitored  at  each  step. 

III.  RESULTS  AND  DISCUSSION 

Figure  1(a)  shows  the  time  dependence  of  TRM  mea¬ 
sured  by  FR  angle,  0,  in  zero  field,  after  cooling  in  a  mag¬ 
netic  field  of  B =4.0  T  down  to  T =2.8  K.  On  the  experimen¬ 
tal  time  scale  up  to  3500  s  the  magnetization  drops  by  about 
0.5°,  while  the  scattering  of  the  data  is  in  the  order  of  5  mdeg 
and  does  not  affect  the  resulting  shape  of  the  relaxation 
curve.  Among  the  different  fitting  functions,  NV,  pure  (PP), 
and  generalized  power  law  (GP),  NV  turns  out  to  be  the  best 
choice.9  This  becomes  evident  from  x2  tests9  and  from  direct 
comparison  of  the  deviations  A  0  between  experimental  data 
and  model  functions.  This  is  shown  in  Fig.  1,  where  A0 
clearly  yields  smaller  rms  values  for  NV  (b)  than  for  PP  (c). 
Although  the  GP  yields  similar  x2  numbers  as  NV,  it  does  not 
qualify  as  the  best  fit  function  since  an  additional  fitting  pa¬ 
rameter  is  involved.  Another  crucial  argument  in  favor  of  the 
NV  theory  is  the  appearance  of  the  predicted  exponent, 
0—0.4  [0=0.38  in  the  case  of  Fig.  1(a)].  This  holds  for 
intermediate  freezing  fields,  3sfl«5  T,  at  low  temperatures.9 
At  larger  fields,  B>5  T,  the  system  crosses  over  into  the 
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FIG.  2.  Log-log  plots  of  the  TRM,  /x,  of  Fe,-,Zn,Fe2  [x=0.53:  squares 
(Ref.  9);  jt=0.4:  circles]  vs  freezing  field  at  f=  10  K.  The  solid  and  dashed 
lines  represent  B2  and  Boxa  dependences  (see  the  text).  The  inset  shows  the 
t  dependence  of  fi  for  the  x  =0.53  sample  in  zero  field  after  FC  with  B  =0.8 
T  to  r=10  K. 


spin-glass-like  domain  state,3  where  the  PP  or  the  GP  are 
found  to  be  valid.7  At  lower  fields,  B< 3  T,  perturbations  due 
to  piezomagnetic  domain  formation  become  important  as 
will  be  discussed  below. 

Figure  2  shows  the  remnant  magnetic  moment,  fi,  in 
zero  field  (B<0.2  mT)  as  a  function  of  the  freezing  field 
after  FC  to  T=10  K  for  Fe0  47Znfl53F2  (squares)9  and 
Feo.6Zno.4F2  (circles).  Straight  interpolated  lines  in  the  range 
1.5«B^5  T are  best  fits  to  fi=bB2-c  with  adjustable  param¬ 
eters  b  and  c.  These  parabolas  indicate  RF-like  behavior 
corrected  for  relaxation  loss  in  the  vicinity  of  Te(B).x 9  In  the 
low-field  range  the  gvs  B  data  level  off  to  become  virtually 
constant,  /Xq~ 44  A/m  for  jr=0.53  within  0.001«Bsl.5  T 
and  /io~15  A/m  for  x  =0.4  within  O.lsB^l.l  T.  These  re- 
manences  are  attributed9  to  piezomagnetic  moments, 
mz‘*\2crz)l/2/|/z|.  They  afe  generated  by  accidental  built-in 
shear  stress,  <jxy ,  and  controlled  by  the  external  field,  Bz ,  via 
minimization  of  the  magnetostatic  energy,  Em=  -mzBz.  As 
argued  previously,9  randomly  distributed  shear  stress  fields 
with  alternating  signs  of  the  <rxy  components  give  rise  to 
antiferromagnetic  domains  with  alternating  signs  of  the  AF 
order  parameter,  lz/\lz\,  while  cooling  through  TC(B)  with 
BjfOOl].  All  domains  contribute  to  mz  with  the  sign  of  Bz . 
Only  at  very  low  or  really  vanishing  freezing  field  /i=0  will 
be  achieved,12  where  nonvanishing  stress  fields  might  still 
create  piezomagnetic  moments  with  zero  average,  (m2)=0. 
The  different  m  values  found  for  both  samples  seem  to  re- 
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FIG.  3.  Magnetization  at  r=IO  K  (/a;  circles)  and  55  K  (A/;  squares)  and 
mass  (m;  diamonds)  of  a  sample  with  x  =0.4,  field  cooled  and  measured  in 
fl0=0.24  mT,  as  a  function  of  etching  time  up  to  1=1.6X10*  s  (open  sym¬ 
bols)  and  after  subsequent  optical  polishing  (solid  symbols). 

fleet  different  average  stress  fields,  (<rxy).  The  lower  stress  in 
the  *=0.4  sample — about  1/3  of  that  of  the  *=0.53 
sample — gives  rise  to  a  marked  field  dependence,  /i0«B00s, 
at  very  low  fields,  0.0002«B«0.1  T,  where  the  thermal  en¬ 
ergy  comes  close  to  the  magnetostatic  one,  (£„>.  Hence, 
thermal  disorder  will  destroy  the  complete  alignment  of  the 
domains  and  thus  decrease  (m,). 

It  will  be  interesting  to  study  the  change  of  the  TRM 
from  relaxational  to  static  behavior  when  decreasing  B  to 
below  1.5  T.  Wry  weak  time  dependence  is  found  in  the 
crossover  region.  The  inset  of  Fig.  2  shows  the  decrease  of 
the  TRM  in  the  *  =0.53  sample  after  FC  to  T=  10  K  with 
B  =0.8  T.  The  rate,  -(<Qi/dr)//*~ 8X10"10  s_l,  as  measured 
over  a  period  of  2.5  X 105  s  is  clearly  above  the  noise  level  of 
the  MPMS5S  SQUID  apparatus.  Tentatively  it  is  ascribed  to 
NV-type  relaxation  of  magnetized  AF  domain  walls,  which 
are  preferentially  formed  at  unstrained  sample  regions,  where 
crly  and,  hence,  I,/|IZ|  change  sign  from  one  domain  to  the 
other. 

Figure  3  shows  the  total  magnetization,  fi,  of  the  *=0.4 
sample  obtained  after  FC  with  Ba= 0.24  mT  (=remanence  of 
the  supraconducting  coil)  to  T=10  K  versus  etching  time,  r 
(open  circles).  In  parallel,  both  the  paramagnetic  magnetiza¬ 
tion,  Af,  induced  by  B0  at  F=55  K  and  the  mass,  m,  of  the 
sample  have  been  determined  as  functions  of  t  (inset:  open 


squares  and  diamonds).  It  is  seen  that  these  quantities  de¬ 
crease  linearly  with  r  by  about  3%  within  the  total  etching 
time  of  1.6X  104  s.  This  is  a  consequence  of  the  loss  of  mass 
during  the  chemical  attack.  Far  greater  effects  are  found  with 
the  low-F  magnetization  (open  circles),  which  is  primarily 
due  to  stress  induced  piezomagnetic  moments  beside  a 
nearly  negligible  unperturbed  AF  contribution  [Af^lO 
K)~AfPM(55  K)/6— 0.5  A/m].13  Within  104  s  nearly  50%  of 
the  initial  magnetization  are  removed.  The  fi  vs  l  data  are 
best  fitted  to  an  exponential  decay  law,  n=/ite~',T+  fiL.  with 
volume  and  surface  contributions  ^=9.2  A/m  and  /i,=8.0 
A/m,  respectively,  and  a  time  constant  r=5 80  s.  Obviously,  a 
large  amount  of  stress  centers  is  very  efficiently  removed 
from  the  surface  by  a  first-order  chemical  reaction,  -d/i/ 
Very  probably  these  stress  fields  are  due  to  the  surface 
treatment  of  the  sample,  which  was  optically  polished  at  the 
beginning,  r  =0.  In  fact,  repolishing  of  the  slightly  roughened 
surfaces  after  the  etching  procedure  at  i=  1.6x  104  s  recovers 
about  20%  of  fi,  (Fig.  3:  full  circle)  despite  a  volume  loss 
due  to  abrasion  of  about  12%  (inset  of  Fig.  3:  solid  symbols). 

IV.  CONCLUSION 

The  field-induced  thermoremanence  of  the  prototypical 
domain  state  system  Fe,  rZn,F2  (*=0.53)  is  confirmed  to 
follow  the  stretched  logarithmic  temporal  decay  law  of  Nat- 
termann  and  Vilfan.5  At  weak  fields,  B  s  1 .5  T,  the  relaxation 
rate  drops  to  nearly  unmeasurable  values.  About  50%  of  the 
virtually  constant  residual  magnetic  moment  of  an  *=0.4 
sample  is  demonstrated  to  be  due  to  surface  stress  by  virtue 
of  the  longitudinal  piezomagnetic  effect.10  Revision  of  re¬ 
sults  obtained  previously2,3  in  the  critical  regime  with  fairly 
weak  fields,  1«R«2  T,  appears  desirable. 
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One-dimensional  antiferromagnetic  behavior  in  A  V0P04  (A=NH4,  Na) 
prepared  from  hydrothermal  conditions 
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TWo  vanadyl  phosphates  have  recently  been  prepared  in  superheated  aqueous  solutions.  These 
materials  crystallize  as  infinite  chains  of  comer  sharing  V06  octahedra.  The  magnetic  susceptibility 
of  NaVOPO,  and  NH,VOPO,  has  been  recorded  over  the  2-300  K  temperature  region.  At  higher 
temperatures,  both  compounds  exhibit  Curie- Weiss  paramagnetism,  where  C— 0.416  emu  K/mole. 

0=-31  K;  C  =  0.417  emu  K/mole,  0=-4.7  K,  for  NaVOPO,  and  NH  VOPO„  respecUvely.  At 
lower  temperatures,  there  is  a  maximum  in  the  temperature-dependent  magnetic  susceptibility  of 
each  compound.  The  data  for  the  two  compounds  have  been  successfully  analyzed  following  the 
Bonner-Fisher  numerical  calculations  that  describe  the  magnetic  behavior  of  antiferromagnetically 
coupled  S-  1/2  one-dimensional  chains.  The  results  of  the  Bonner-Fisher  analysis  of  the  magnetic 
data  are  g-2.00,  J/k=  - 18.6  for  NaVOPO,;  and  g  =  2.1,  J/k=  -3.26  K,  for  NW.VOPO,.  The 
theoretical  analysis  of  the  NH4V0P04  analog  also  required  the  addition  of  a  molecular  field 
correction  ( zJ' Ik-  -2.1  K)  to  the  Bonner-Fisher  calculation  in  order  to  adequately  fit  the  data. 

The  trans  crosslinking  via  phosphate  bridges  of  the  magnetic  chains  in  NH4V0P04  gives  rise  to  the 
onset  of  long-range  antiferromagnetic  ordering  at  =3.71  K. 


I.  INTRODUCTION 

The  use  of  hydrothermal  synthet'C  techniques  has  proven 
to  be  an  extremely  valuable  procedure  in  the  chemistry  of 
microporous  solids.1  Several  interesting  and  intricate  struc¬ 
tures  have  been  isolated  and  some  unusual  magnetic  proper¬ 
ties  have  been  observed  when  magnetic  ions  are  incorporated 
into  the  solid.2 

Several  vanadium  phosphates  of  the  formula  AVOPO, 
have  recently  been  reported,  where  A  =  Li,3  Na,4  K,5  and 
NH,.6  Lii  and  co-workers  have  recently  reported  the  crystal 
structure  and  Curie-Weiss  magnetic  fit  of  NaVOPO,  and 
have  reported  a  negative  Weiss  constant.  Haushalter  and  co¬ 
workers  have  also  observed  antiferromagnetism  and  deter¬ 
mined  the  crystal  structure  for  NH,VOPO,.6  In  this  report, 
we  examine  the  magnetic  susceptibility  of  NaV0P04  and 
NH,VOPO,  over  the  2-300  K  temperature  region  and  suc¬ 
cessfully  model  the  magnetic  data  with  the  Heisenberg 
S=l/2  antiferromagnetic  linear  chain  interaction. 

II.  EXPERIMENT 
A.  Synthesis 

NaVOPO,:  A  mixture  of  1.5  g  Na,V203  and  0.75  g  V203 
was  added  to  10  ml  of  7.5  M  H3  PO,  in  a  25  ml  Teflon  lined 
vessel  and  heated  to  200  ’C  for  three  days.  The  original 
product  contained  several  transparent  light  blue  crystals,  but 
these  were  readily  separated  from  the  bulk  polycrystalline 
green  solid  by  manual  separation. 

NH,VOPO,:  A  mixture  of  CsV03:V:CH3P03H2: 
(NH,)2HPO,:(C2H5)3CH3NBr:H20  in  the  mole  ratio 
3.96:1:4.88:11.97:4.96:1498  was  heated  in  a  Teflon  lined 
vessel  at  200  °C  for  four  days. 


B.  Magnetism 

The  magnetic  susceptibility  data  were  recorded  on  155 
and  81.8  mg  polycrystalline  sample  of  NaVOPO,  and 
NH,VOPO,,  respectively.  Data  were  recorded  over  the 
2-300  K  temperature  region  using  a  Quantum  Design 
MPMS  superconducting  quantum  interference  device 
(SQUID)  susceptometer.  Measurement  and  calibration  tech¬ 
niques  have  been  reported  elsewhere.7  The  magnetic  data  are 
shown  in  Figs.  1  and  2  (NH,VOPO,)  as  molar  magnetic 
susceptibility  plotted  as  a  function  of  temperature. 

III.  RESULTS  AND  DISCUSSION 

The  two  complexes  crystallize  as  infinite  chains  of  cor¬ 
ner  sharing  V06  octahedra.  The  linear  chain  structures  of  the 


FIG.  1.  The  magnetic  susceptibility  of  NaVOP04  plotted  as  a  function  of 
temperature  over  the  2-300  temperature  region.  The  inset  shows  an  expan¬ 
sion  of  the  magnetic  susceptibility  data  corrected  for  a  2.1%  paramagnetic 
impurity  and  plotted  over  the  2-80  K  temperature  region.  The  curves 
through  the  data  are  the  fits  to  S=  1/2  Heisenberg  antiferromagnetic  linear 
chain  model  as  described  in  the  text. 
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FIG.  2.  The  magnetic  susceptibility  of  NH«V0P04  plotted  as  a  function  of 
temperature  over  toe  2.3-300  temperature  region.  The  inset  shows  an  ex¬ 
pansion  of  the  2.3-10  temperature  region.  The  curves  through  the  data  are 
the  fits  to  the  theoretical  models  as  described  in  the  text. 


two  materials  are  illustrated  in  Fig.  3  (NaVOP04  chain  1  and 
NH4VOPOj  chain  2).  Note  that  1  exhibits  only  trans  coordi¬ 
nation  within  the  chain  while  2  exhibits  alternating  cis-trans 
coordination  along  the  chain.  Figure  4  illustrates  the  cross 
linking  of  2.  The  presence  of  .  anscoordinated  cross  linking 
in  2  is  important  to  understand  the  interchain  magnetic  inter¬ 
actions  that  lead  to  an  antiferromagnetic  transition. 

The  high-temperature  magnetic  susceptibility  data  (T 
>  100  K)  for  NaVOP04  (1)  and  (T>25  K)  NH4V0P04  (2) 
exhibit  Curie -Weiss  paramagnetism 

C  _Ng2nlS(S+\) 

X~T-e  3  k(T-8)  '  (,) 

with  C  =  0.416  emu  K/mole  and  #=-31  K  and  C=0.417 
emu  K/mole  and  #=-4.72  K  for  (1)  and  (2),  respectively. 


1 


I 


FIG.  3.  The  coordinating  pattern  of  the  linear  chains  in  (1)  NaVOPO,  and 
(2)  NH.VOPO, 


FIG.  4.  The  crystal  packing  of  NHgVOPOg  showing  the  linear  chain  ar¬ 
rangement  of  cis-trans-comer  sharing  V06  octahcdra.  Extensive  crosslink¬ 
ing  with  coordination  trans  to  chain  propagation  via  phosphate  bridges  is 
also  evident. 


The  electron  structure  of  both  complexes  corresponds  to  one 
unpaired  electron  per  VO  formula  unit.  This  results  in  a 
Curie- Weiss  g  value  of  #  =  2.1  for  the  V(1V)  ion  in  each 
analog. 

At  lower  temperatures  an  anomaly  is  observed  in  the 
temperature  dependence  of  the  magnetic  susceptibility  data 
of  both  samples.  Both  materials  are  structural  linear  chains 
that  are  propagated  along  comer  sharing  V06  bonding  path¬ 
way.  As  the  temperature  is  lowered  to  around  20  K  (for 
sample  1),  the  magnetic  susceptibility  of  the  sample  passes 
through  a  maximum  and  begins  to  decrease  at  lower  tem¬ 
peratures.  This  behavior  is  expected  for  short-range  antifer¬ 
romagnetic  exchange  in  the  crystal  lattice. 

The  magnetic  exchange  that  is  expected  in  a  d'  vana¬ 
dium  (IV)  with  spin  5=1/2  is  represented  by  the  isotropic 
Heisenberg  spin  Hamiltonian. 

J*?=-2j2  Sfij.  (2) 

Uj 

Within  the  context  of  the  crystal  structure  of  these  materials, 
the  magnetic  exchange  is  expected  to  be  propagated  via  a 
one-dimensional  magnetic  exchange  interaction  along  the 
structural  chain  axis. 

The  behavior  of  a  one-dimensional  Heisenberg  linear 
chain  has  been  described  by  Bonner  and  Fisher.8  The 
Bonner-Fisher  Heisenberg  linear  chain  calculation  was  ap¬ 
plied  to  the  magnetic  susceptibility  data  of  these  complexes 
to  determine  if  the  short-range  order  can  be  theoretically  ex¬ 
plained  by  the  one-dimensional  magnetic  interaction.  The 
magnetic  susceptibility  data  of  1  were  fit  over  the  entire  re- 
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gion  including  the  maximum  to  the  Bonner-Fisher  numeri¬ 
cal  calculation  corrected  for  the  presence  of  a  paramagnetic 
impurity.  The  fitted  parameters  for  1  are  g  =  2.00,  J/k  = 
-  18.6,  TIP  =  0.00009  emu/mole,  and  2.7%  paramagnetic 
impurity.  The  smooth  line  drawn  through  the  data  points  in 
Fig.  1  is  the  theoretical  curve  with  the  parameters  indicated. 
The  paramagnetic  impurity  was  subtracted  from  the  mag¬ 
netic  susceptibility  data  and  the  result  is  plotted  in  the  inset 
of  Fig.  1  along  with  the  fitted  curve  calculated  from  the 
linear  chain  model.  The  magnetic  analysis  of  NaVOP04  re¬ 
quired  no  additional  interaction  term  to  fit  the  data,  consis¬ 
tent  with  well  insulated  one  dimensional  magnetic  behavior. 

The  same  procedure  was  used  to  analyze  the  magnetic 
susceptibility  data  of  2.  For  this  compound,  it  was  observed 
that  the  Bonner-Fisher  calculation  did  not  satisfactorily  fit 
the  temperature  region  in  the  vicinity  of  the  maximum. 
Moreover,  at  a  temperature  of  about  3.71  K,  there  is  an 
abrupt  deviation  of  the  magnetic  susceptibility  data  from  the 
broad  maximum.  Since  there  is  enhancement  of  crosslinking 
through  transphosphate  bridging  in  2,  a  molecular  field  cor¬ 
rection  to  the  linear  chain  model  was  used  to  approximate 
the  effect  of  interchain  magnetic  interactions. 

The  equation  that  describes  the  effect  of  a  molecular 
exchange  field  is  shown  below:7 


X~ 


1  ~(zJ'  !Ng2f>}g)x' 


+  TIP, 


(3) 


where  x  >s  the  magnetic  susceptibility  of  the  linear  chains  in 
the  absence  of  the  exchange  field  and  \  is  the  molecular 
exchange  field  influenced  magnetic  susceptibility  that  is  ac¬ 
tually  measured.  The  exchange  field  coupling  parameter  is 
zJ  where  z  is  the  number  of  exchange  coupled  neighbors. 

The  result  of  the  fit  of  the  molecular  field  corrected 
Bonner-Fisher  calculation  to  the  magnetic  data,  neglecting 
the  data  at  temperatures  below  4.0  K,  is  illustrated  as  the 
smooth  curve  in  the  inset  of  Fig.  2.  The  parameters  used  in 
the  fit  were  g  =  2.10,  Jlk=- 3.26,  zJ'lk=- 2.1  K.  The 
need  for  a  large  interchain  coupling  parameter  (zJ')  is  con¬ 
sistent  with  the  onset  of  the  three-dimensional  phase  transi¬ 
tion.  The  magnitude  of  this  parameter  requires  that  it  be 
viewed  with  caution;  however,  the  model  shows  excellent 


agreement  with  the  measured  magnetic  susceptibility  data 
until  the  onset  of  long-range  order  at  7'=3.71  K. 

There  are  several  other  examples  of  phosphate  bridged  V 
(IV)  structural  linear  chains  reported  in  the  literature.9' 11  In 
general,  the  previous  reports  of  low-dimensional  behavior 
have  required  significant  interchain  interactions,  for  ex¬ 
ample,  dimeric  interactions9'10  or  alternating  chains.11 

IV.  CONCLUSION 

Two  crystalline  solids  of  the  formula  AVOP04 
{A  =  Na,NH4)  have  been  prepared  from  hydrothermal  syn¬ 
thetic  techniques.  These  materials  crystallize  as  infinite 
chains  of  comer  sharing  V06  octahedra.  In  the  high- 
temperature  region,  both  complexes  exhibit  Curie-Weiss 
paramagnetism  with  antiferromagnetic  Weiss  constants.  The 
lower-temperature  magnetic  susceptibility  of  the  two  com¬ 
plexes  exhibits  a  broad  maximum  and  the  data  are  success¬ 
fully  analyzed  with  the  numerical  predictions  calculated  by 
Bonner  and  Fisher  using  the  Heisenberg  5=1/2  antiferro- 
magnetic  linear  chain  model.  The  ammonium  analog  requires 
a  correction  for  interchain  magnetic  coupling  and  exhibits  an 
antiferromagnetic  phase  transition  at  T=  3.71  K. 
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ac  susceptibility  on  the  dilute  antifsrromagnet  MnxZn1  _XF2  close 
to  the  percolation  threshold  (abstract) 

F.  L.  A.  Machado,  F.  C.  Montenegro,  E.  Montarroyos,  J.  C.  0.  de  Jesus, 

A.  Roeates-Rivera,*'  and  S.  M.  Rezende 

Departamento  de  Fisica,  Vniversidade  Federal  de  Pernambuco,  50732-910  Recife-PE,  Brazil 

ac  susceptibility  measurements  have  been  performed  on  the  dilute  antiferromagnet  M%35Zn0  (,5F2  in 
the  absence  of  an  external  uniform  held.  For  a  driving  field  of  amplitude  HK~  1.0  Oe  applied 
parallel  to  the  easy  [001]  direction,  a  frequency-dependent  susceptibility  has  been  observed  at  low 
temperatures.  When  the  driving  field  is  applied  perpendicular  to  this  direction,  a  departure  from  the 
Curie-Weiss  behavior  indicates  that  some  spin  clusters  are  spatially  oriented  at  low  temperatures. 
The  presence  of  these  randomly  oriented  magnetic  moments  may  cause  the  random-exchange  Ising 
model  to  be  inappropriate1  in  explaining  the  zero-field  behavior  near  to  the  percolation 
concentration  xp.  A  random-anisotropy  model  may  be  useful  to  explain  the  magnetic  features  of 
Mn^Zn^F,  close  to  xp. 
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The  frequency  dependence  of  the  ferro-to-splnglass  transition 
of  amorphous  Fe-rlch  Fe-Zr  (abstract) 

J.  Nogues  and  K.  V.  Rao 
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It  is  well  known  that  competing  magnetic  interactions  in  amorphous  Fe-ricb  Fe-Zr  alloys  result  in 
a  ferromagnetic-like  transition  below  room  temperature  (for  example,  Tc— 235  K  for  a  Fe^Zr,,, 
alloy).  The  field  dependence  of  the  ac  response  of  such  a  system  with  competing  interactions  is  thus 
complex,  with  the  possible  coexistence  of  ferromagnetic  domains  and  spin  freezing  processes.  One 
consequence  of  this  is  the  observed1  Hopkinson  peak  in  ac  susceptibility  and  its  strong  field 
dependence  when  measured  at  ordinary  fields  (>80  A/m).  The  existence  of  such  a  complex 
Hopkinson  peak,  which  arises  from  the  contribution  of  domain  wall  motion  and  hysteretic  effects, 
makes  it  very  difficult  to  identify,  unambiguously,  a  spin  freezing  temperature.  The  purpose  of  this 
paper  is  to  clarify  this  point.  Complex  ac  susceptibility  L*'(T),  V(T)]  measurements  have  been 
carried  out  over  an  extended  range  of  field  amplitude  (0.08-8000  A/m)  and  three  decades  of 
frequency  (1-1000  Hz)  along  the  axis  of  a  single  sample  of  melt  spun  Fe9oZr10  ribbon.  We  find  that, 
below  the  threshold  field,  there  is  a  unique  spin  freezing  temperature  with  almost  no  frequency  or 
field  dependence.  At  higher  fields  (>80  A/m)  the  viscous  susceptibility,  V( T),  peak  at  low 
temperatures  shows  a  strong  temperature,  frequency,  and  field  dependence,  indicating  a 
superposition  of  the  effects  of  “induced”  long  range  order  with  the  spinglass  state.  The  ferro-to-spin 
glass  transition  temperature  using  this  approach  has  been  found  to  be  Trf=25  K. 


1  J.  Nogues  and  K.  V.  Rao,  IEEE  Trans.  Magn.  29,  3246  (1993). 
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Cooperative  spin-crossover  transition:  Effects  of  the  antiferro-  and 
ferri-ordered  phase  (abstract) 

Benjamin  G.  Vekhter 

Chemistry  Department,  Northwestern  University,  Evanston,  Illinois  60208-3113 

The  considerable  increase  of  magnetic  moment  M  with  increasing  temperature  T  [the 
spin-crossover  (SC)  effect]  in  some  transition  metai  complexes  is  caused  by  a  predominant 
occupation  of  the  excited  high-spin  (HS)  state  which  has  a  larger  statistical  weight  than  the  low-spin 
(LS)  ground  one.  Rather  unusual  experimentally  observed  M{T)  behavior  that  provides  for 
molecular  electronics  applications  with  such  compounds,  gives  evidence  of  the  importance  of 
cooperative  intermolecular  interactions.  The  microscopic  theory  of  cooperative  SC  transitions  is 
developed.  This  is  based  on  the  phonon-mediated  ion-ion  interaction  and  accounts  for  the  possibility 
of  a  phase  with  antiferro-ordered  local  distortions  around  the  magnetic  ions,  in  addition  to  the 
homogeneous  ferro-phase  that  was  the  only  one  considered  previously.  If  the  parameter  [/|  of  the 
antiferro-coupling  (J <0)  is  greater  than  the  energy  gap  A  between  the  LS  and  HS  states,  then  at 
T= 0  one-half  of  the  ions  are  in  the  "excited”  HS  state  while  the  other  half  reside  in  the  LS  state. 

A  temperature  increase  causes  a  A/(HS)/2— >M (HS)  transition  to  the  phase  where  all  the  ions  are  in 
the  HS  states.  The  larger  is  the  value  of  j/|,  the  higher  is  the  transition  temperature.  If  [/|<A,  then 
at  r=0  all  the  ions  are  in  the  LS  state  because  the  intermolecular  correlations  are  too  small  to  lead 
to  antiferro-ordering.  However,  if  |7|  is  close  enough  to  A,  then  the  intermediate  ferri-ordered  phase 
appears,  resulting  in  two  [A/(LS>— >M(HS)/2->A/(HS)]  consecutive  transitions  (two-step  SC 
change).  The  closer  [/|  is  to  A,  the  lower  the  temperature  of  the  first  transition  is  and  the  wider  the 
temperature  interval  of  the  ferri-phase  existence  is.  Hysteresis  phenomena  and  effects  of  magnetic 
dilution  and  external  pressure,  examined  within  the  framework  of  the  developed  microscopic 
approach,  are  in  a  good  agreement  with  experiment. 
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Magnetic  nanocomposites  of  small  iron  particles  embedded  in  nonmagnetic  zinc  oxide  matrix  have 
been  prepared  by  ball  milling,  with  an  in  situ  displacement  reaction  between  a  metal  oxide  (Fe304) 
and  a  more  reactive  metal  (Zn).  The  phase  composition  of  the  samples  has  been  analyzed  by  x-ray 
diffraction.  Metallic  zinc  disappears  during  the  first  100  min  of  milling  and  the  magnetization 
decreases  to  almost  zero,  indicating  the  formation  of  a  nonmagnetic  intermediate  iron  zinc  oxide 
phase.  This  intermediate  phase  decomposes  into  iron  and  ZnO  upon  further  milling.  The  change  in 
magnetic  properties  also  reflects  the  decreasing  size  of  the  iron  particles.  The  final  particle  size  is 
about  9  nm,  as  estimated  from  x-ray  diffraction  linewidth  measurements.  The  final  product  of  the 
process  is  a  semibard  magnetic  material  with  a  room-temperature  saturation  magnetization  of  40 
emu/g  and  coercivity  of  400  Oe.  A  significant  fraction  of  the  final  Fe  particles  is  superparamagnetic. 


I.  INTRODUCTION 

The  interest  in  the  magnetic  properties  of  small  particles 
is  driven  by  basic  questions  concerning  superparamagnetism, 
interparticle  interaction,  magnetization  processes,  etc.1  Po¬ 
tential  applications  in  recording,  pigments,2  and  magnetic 
refrigeration3  are  also  considered.  In  this  paper,  we  will  re¬ 
strict  our  attention  to  nanometer-size  magnetic  metal  par¬ 
ticles  embedded  in  an  oxide  matrix.  Conventionally,  such 
systems  are  prepared  by  vacuum  deposition4  and  chemical5 
methods.  As  it  was  shown  recently,  metal-metal-oxide  nano¬ 
composites  can  also  be  prepared  by  mechanical  alloying.  In¬ 
tentional  chemical  changes  induced  by  ball  milling  offer  ad¬ 
ditional  control  of  the  preparation  process.6-8 

Our  first  attempt  to  prepare  a  magnetic  nanocomposite 
by  reaction  milling  involved  the  reduction  of  magnetite  by 
aluminum  metal  in  order  to  obtain  a  nanocomposite  of  iron 
particles  in  alumina.6  This  system  was  chosen  because  simi¬ 
lar  nanocomposites  had  been  prepared  by  other  methods  and 
thoroughly  studied.4’5  Unfortunately,  the  reaction  is  highly 
exothermic,  the  impact  of  the  milling  balls  can  initiate  self- 
supporting  thermal  combustion.9  In  order  to  obtain  a  nano¬ 
composite,  combustion  had  to  be  suppressed  by  inert 
additives.6 

Higher  magnetization  can  be  achieved  if  a  less  exother¬ 
mic  chemical  reaction  is  chosen,  so  that  the  dilution  of  the 
reaction  mixture  is  not  necessary.  The  reduction  of  magnetite 
by  zinc  is  such  a  reaction:  it  releases  17  kcal  during  the 
exchange  of  one  mole  of  oxygen  atoms  between  iron  and 
zinc,  as  opposed  to  68  kcal  when  magnetite  is  reduced  by 
aluminum. 

The  mechanochemical  reduction  of  a  metal  oxide  by  a 
more  reactive  metal  usually  occurs  through  a  complex  series 
of  overlapping  reactions,  forming  several  intermediate,  meta¬ 
stable  phases.10  X-ray  diffraction  data  suggest  that  the  reduc¬ 
tion  of  magnetite  by  zinc  is  a  relatively  simple,  two-step 


process,  involving  one  single  intermediate  phase.  However, 
the  diffraction  results  are  quite  ambiguous  due  to  the  broad¬ 
ening  and  overlap  of  the  diffraction  lines.  More  information 
on  the  reaction  sequence  is  expected  from  the  magnetic  mea¬ 
surements. 


II.  EXPERIMENTAL 

Reaction  milling  was  performed  using  SPEX  8000 
Mixer  Mills  with  round  bottom  stainless-steel  vials.  The  vi¬ 
als  were  filled  in  a  glove  box  under  argon.  Each  sample  was 
prepared  separately,  without  opening  the  vial  at  any  interme¬ 
diate  stage.  The  composition  of  the  starting  powder  mixture 
corresponded  to  the  stoichiometry  of  the 

Fe304 + 4Zn— >3Fe + 4ZnO 

reaction  with  10%  extra  zinc.  Low  (97%)  purity  starting  ma¬ 
terials  were  used,  because  a  significant  amount  of  contami¬ 
nation  from  the  milling  tools  is  unavoidable  anyway.  Zinc  is 
a  malleable  metal,  which  can  collect  in  a  large,  compacted 
chunk  on  the  wall  of  the  milling  vial.  This  problem  could  be 
avoided  by  using  a  combination  of  large  (45.5  g)  and  small 
(3.5  g)  balls  as  milling  tools. 

The  phase  composition  of  the  samples  has  been  analyzed 
using  a  Philips  x-ray  diffractometer  with  vertical  goniometer, 
Cu  tube,  and  intrinsic  Ge  detector. 

Hysteresis  loops  have  been  measured  in  a  vibrating 
sample  magnetometer  at  room  temperature.  Saturation  mag¬ 
netization  (Ms),  the  remanent  magnetization  (Mr),  and  co¬ 
ercivity  (Hc)  have  been  determined  from  measurement  of 
major  loops.  Samples  were  exposed  to  a  saturating  field  of  9 
kG  before  measuring  the  major  loop.  In  fact,  saturation  has 
been  achieved  for  all  samples  in  less  than  4  kG. 
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FIG.  3.  Dependence  of  room-temperature  magnetic  properties  of  ball-milled 
Fe304  +  Zn  system  on  the  duration  of  milling.  Ms  saturation  magnetization, 
M,  remanent  magnetization,  Hc  coercivity. 


FIG.  1.  X-ray  diffraction  patterns  of  ball-milled  Fe304-Zn  system  for  inter¬ 
mediate  milling  times.  A  more  complete  set  of  data  has  been  published  in 
Ref.  10. 

III.  RESULTS  AND  DISCUSSION 

A  preliminary  understanding  of  the  reduction  of  magne¬ 
tite  by  zinc  was  based  on  x-ray  diffraction  data  alone.'0  The 
diffraction  patterns  for  intermediate  milling  times  are  repro¬ 
duced  on  Fig.  1  for  the  most  informative  range  of  diffraction 
angles.  Clearly,  broadening  and  overlap  of  the  diffraction 
lines  makes  the  unambiguous  interpretation  of  the  results 
quite  difficult. 

The  results  of  the  magnetic  measurements  are  shown  in 
Figs.  2  and  3.  The  saturation  magnetization  M,  characterizes 
the  amount  of  the  magnetic  phases  present.  The  remanence 
M,  and  coercivity  Hc  are  typical  of  the  magnetic  hardness 
and  particle  size  of  the  phases.  The  coercivity  is  independent 
of  the  amount  of  the  phase  present,  changing  characteristi¬ 
cally  with  the  size  of  the  particles.  In  Fig.  2  room- 
temperature  hysteresis  loops,  measured  after  20,  100,  and 
540  min  of  milling  show  the  change  in  saturation  magneti¬ 
zation  of  the  samples,  illustrating  the  transformation  from  the 
initial  magnetite  phase  to  iron  through  a  nonmagnetic  inter¬ 
mediate  phase.  The  similar  shape  of  the  major  loops  after  20 
min  mixing  and  540  milling  is  due  to  the  fact,  that  the  origi¬ 
nal  magnetite  particles  are  magnetically  harder  with  a  higher 
coercivity,  and  after  prolonged  milling  the  size  of  the  result¬ 
ing  iron  particles  is  decreased  near  to  the  single  domain  size, 


FIG.  2.  Room-temperature  hysteresis  loops  for  Fej04-Zn  system,  measured 
after  20,  100,  and  540  min  of  milling. 


with  an  increased  coercivity  and  remanence.  Figure  3  shows 
the  dependence  of  Ms,Mr,  and  Hc  upon  the  duration  of  ball 
milling. 

The  diffraction  and  magnetic  data  will  be  discussed  si¬ 
multaneously  in  order  to  achieve  a  better  understanding  of 
the  sequence  of  changes. 

A.  First  60  min  of  milling 

X-ray  diffraction  indicates  that  the  amount  of  zinc  de¬ 
creases  very  quickly,  only  trace  amounts  remain  after  60  min 
of  milling.  The  most  intense  (101)  line  of  zinc  metal  at  43.3° 
may  be  the  source  of  the  shoulder  on  the  high-angle  side  of 
the  largest  peak  and  its  well  separated  (100)  peak  (at  about 
39°)  remains  within  statistical  uncertainty.  The  amount  of 
magnetite  decreases  more  gradually.  Both  the  presence  of  its 
diffraction  lines  [e.g.,  (220)  at  30.1°]  and  the  gradually  de¬ 
creasing  saturation  magnetization  indicate  that  a  significant 
amount  of  magnetite  is  still  present  after  60  min  of  milling. 
As  seen  in  Figs.  2  and  3,  the  coercivity  slowly  decreases 
between  20  and  60  min  of  milling,  suggesting  that  the  mag¬ 
netization  originates  from  the  same  phase  (magnetite)  and 
the  particle  size  and  defect  structure  of  that  phase  does  not 
change  significantly.  Some  ZnO  appears  immediately  after 
the  start  of  the  milling,  the  intensity  of  its  diffraction  peaks 
increases  gradually  during  the  whole  process  [see,  e.g.,  the 
well  resolved  (100)  and  (102)  lines  at  31.8°  and  47.6°]. 

None  of  the  above  phases  explain  the  most  intense  dif¬ 
fraction  peak  at  about  42.4°.  The  intensity  of  the  broad  peak 
at  about  36°  is  also  too  large  to  originate  from  overlapping 
peaks  of  magnetite  and  zinc  oxide.  We  suggest  that  these 
lines  originate  from  a  nonmagnetic  mixed  Fe-Zn-O  interme¬ 
diate  phase.  Its  structure  may  be  related  to  the  structure  of 
wurtzite  (with  main  peaks  at  36.1°  and  42°)  or  it  may  be 
noncrystalline.  Preliminary  transmission  electron  microscopy 
(TEM)  results  suggest  the  presence  of  a  eutectic  composite." 
Similar  intermediate  mixed  oxide  phases  were  detected  when 
reducing  CuO  by  Fe  (Ref.  7)  and  magnetite  by  Al.6  However, 
in  those  cases  the  formation  of  the  final  metal  phase  begins 
simultaneously  with  the  formation  of  intermediate  phases, 
while  in  the  present  case  the  formation  of  a-Fe  starts  signifi¬ 
cantly  later.  (The  small  sharp  diffraction  peak  at  44.7°  may 
indicate  impurity  from  the  milling  tools.  It  is  not  present  in 
any  of  the  other  samples.) 
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B.  100  mki  of  mHttng 

The  most  astonishing  property  of  this  sample  is  the  ex¬ 
tremely  low  saturation  magnetization.  This,  together  with  the 
x-ray  diffraction  pattern  suggest  that  most  of  the  sample  con¬ 
sists  of  an  intermediate  Fe-Zn-O,  a  nonmagnetic  mixed  oxide 
phase.  The  small  magnetization  in  Figs.  2  and  3  originates 
from  the  residual  magnetite  as  indicated  both  by  the  diffrac¬ 
tion  pattern  and  the  still  quite  high  coercivity.  Very  little  if 
any  metallic  iron  is  present. 

This  sample  sharply  separates  the  two  steps  of  the 
mechanochemical  process:  the  formation  of  a  mixed  Fe- 
Zn-O  and  its  decomposition  into  ZnO  and  metallic  iron. 
Such  a  strict  separation  of  the  two  processes  is  not  possible 
on  the  basis  of  the  x-ray  diffraction  data  alone,  and  only  the 
magnetic  data  can  confirm  the  process. 

C.  ISO  min  of  milling 

The  main  process  between  100  and  180  min  of  milling  is 
the  decomposition  of  the  intermediate  mixed  oxide  into  me¬ 
tallic  iron  and  ZnO.  This  is  suggested  by  the  significant  in¬ 
crease  of  the  intensity  of  the  ZnO  diffraction  lines.  Also,  the 
Fe-Zn-O  peak  at  42°  reduces  to  a  shoulder  and  a  peak  close 
to  the  (110)  diffraction  peak  of  o-Fe  appears.  Although  this 
change  could  be  viewed  as  a  mere  shift  of  the  peak  at  42°,  it 
actually  signals  a  major  change  in  the  phase  composition. 

The  change  of  the  magnetic  parameters  fully  supports 
this  interpretation.  The  large  increase  of  the  saturation  mag¬ 
netization  corresponds  to  the  formation  of  metallic  iron.  The 
low  coercivity  is  consistent  with  freshly  formed  large  mag¬ 
netically  soft  iron  particles. 

O.  Final  stage  of  the  process 

The  remaining  mixed  oxide  decomposes  upon  further 
milling,  and  the  last  traces  of  magnetite  disappear.  The  final 
product  after  540  min  of  milling  consists  of  bcc  Fe  and  ZnO. 
A  gradual  shift  of  the  (100)  line  of  iron  originates  from  the 
demixing  process.  The  bcc  phase  contains  a  significant 
amount  of  Zn  when  formed,  and  the  Zn  content  decreases 
upon  further  milling.10  A  particle  size  of  about  9  nm  can  be 
estimated  on  the  basis  of  the  Sherrer  equation. 

The  increasing  coercivity  suggests  decreasing  particle 
size  toward  single-domain  size  and  increasing  defect  concen¬ 
tration.  The  saturation  magnetization  slightly  decreases  after 
very  long  milling,  probably  due  to  an  increasing  fraction  of 
superparamagnetic  particles.  Based  on  x-ray  data,  the  final 
product  is  bcc  Fe.  However,  the  amount  of  the  saturation 
magnetization  is  only  about  50%  of  the  expected  value  cal¬ 
culated  from  the  stoichiometry  of  the  initial  composition. 


The  missing  iron  might  be  accounted  for  by  a  substantial 
superparamagnetic  fraction,  as  is  frequently  the  case  in  nano¬ 
composites,  like  the  case  of  Cu-Fe304.12 

IV.  CONCLUSIONS 

The  application  of  mechanical  alloying  to  manufacturing 
technically  useful  materials  requires  detailed  understanding 
of  the  mechanism  of  the  process.  The  reduction  of  magnetite 
by  zinc  may  be  a  useful  model  reaction  due  to  its  well- 
separated  reaction  steps.  Although  intermediate  phases,  simi¬ 
lar  to  the  mixed  iron-zinc  oxide  form  in  most  similar  sys¬ 
tems,  the  formation  and  decomposition  of  those  phases  occur 
concurrently.6-7 

Magnetic  measurements  supported  the  characterization 
of  the  metal-metal-oxide  displacement  reactions  between 
magnetite  and  aluminum6  and  iron  and  CuO.11  The  role  of 
the  magnetic  data  is  more  crucial  in  the  present  case,  where 
the  very  sharp  minimum  of  the  saturation  magnetization  in¬ 
dicates  the  most  clearly  the  separation  of  the  two  steps  of  the 
reaction. 

The  magnetic  properties  of  the  final  Fe-ZnO  nanocom¬ 
posites  are  typical  of  a  semihard  magnetic  material  with  a 
significant  superparamagnetic  fraction.  Further  work  on  de¬ 
termining  the  microstructure  of  the  composite  is  in  progress. 

ACKNOWLEDGMENTS 

The  support  of  this  work  by  the  Designated  Research 
Initiative  Fund  of  the  UMBC  and  the  University  Facilitating 
Fund  of  the  GWU  is  gratefully  acknowledged. 

'E  F.  Kneller  and  F.  E  Luborsky.  J.  Appl.  Phys.  34,  656  (1963);  K. 
Hatreds.  Can.  J.  Pbys.  65,  1233  (1987). 

2G.  Bottoni,  D.  Candolfo,  A.  Cccchctti,  and  F.  Masoli,  J.  Magn  Magn. 
Mater.  116,  285  (1992). 

3R.  D.  Shull,  R.  D.  McMicbael,  J.  J.  Ritter,  and  L.  H.  Bennett,  in 
Nanophase  and  Nanocomposile  Materials,  edited  by  S.  Kotnantemi,  J.  C. 
Parker,  and  G.  J.  Thomas,  Mater.  Res.  Soc.  Symp.  Proc.  Vbl.  286  (MRS, 
Pittsburgh,  1993),  p.  449. 

4C.  L.  Chien,  in  Physical  Phenomena  in  Granular  Materials,  edited  by  G. 
D.  Gody,  T.  H.  Geballe.  and  Ping  Sheng,  Mater.  Res.  Soc.  Symp.  Proc. 
Mil.  195  (MRS,  Pittsburgh,  1990).  p.  411. 

5R.  D.  Sbull,  J.  J.  Ritter.  A.  J.  Shapiro,  1.  J.  Swartzendruber,  and  L  H. 
Bennett,  J.  Appl.  Phys.  67,  4490  (1990). 

6M.  Pardavi-Horvatb  and  L.  Takacs,  IEEE  Trans.  Magn.  MAG-28,  3186 
(1992). 

7L  Takacs  and  M.  Pardavi-Horvath,  12lst  TMS  Annual  Meeting,  San  Di¬ 
ego,  CA,  March  1-5,  1992  (in  press). 

8P.  Matteazzi  and  G.  Le  Caer,  J.  Am.  Ceramic  Soc.  75,  2749  (1991). 

’L  Takacs,  Mater.  Lett.  13,  119  (1992). 

10 L.  Takacs,  Nanostnictured  Mater.  2,  241  (1993). 

11  Courtesy  of  F.  Cser,  Monash  University,  Australia. 

12  M.  Pardavi-Horvath  and  L.  Takacs,  J.  Appl.  Phys.  73,  6958  (1993). 


5888  J.  Appl.  Pbys.,  Vol.  75,  No.  10. 15  May  1894 


L  Takacs  and  M.  Pardavi-Horvath 


Fe-Al203  nanocomposites  prepared  by  high-energy  ball  milling 

Seren  Underoth 

Materials  Department,  Rise  National  Laboratory,  DK-4000  RoskiUe,  Denmark 

Michael  S.  Pedersen 

Physics  Department,  Technical  University  of  Denmark,  DK-2800  Lyngby,  Denmark 

Nanocomposites  of  a-Fe  and  a-Al203,  prepared  by  high-energy  ball  milling,  exhibit  coercivities 
which  ate  enhanced  by  about  two  orders  of  magnitude  with  respect  to  the  bulk  value.  The  degree  of 
enhancement  depends  on  the  volume  fraction  (x0)  of  Fe,  with  a  maximum  for  x„~0.25.  The  effect 
is  ascribed  to  the  production  of  single-domain  magnetic  grains.  Mossbauer  spectroscopy  reveals  the 
presence  of  iron  oxide  phases  which  could  not  be  seen  by  x-ray  and  electron  diffraction 
measurements. 


I.  INTRODUCTION 

Magnetic  particles  in  the  size  range  below  about  IS  nm 
are  single-domain  particles.  Such  particles  are  of  significant 
technological  importance  because  single-domain  particles 
exhibit  superior  magnetic  properties  compared  to  multido¬ 
main  materials,  e.g.,  single-domain  particles  can  yield  coer¬ 
civities  100-1000  times  higher  than  that  of  the  bulk 
material.1  Agglomeration  of  single-domain  sized  particles 
typically  diminishes  the  otherwise  enhanced  magnetic  prop¬ 
erties.  Separation  of  the  magnetic  particles  by  a  nonmagnetic 
material  may  retain,  or  even  improve,  the  superior  magnetic 
properties,  e.g.,  films  of  ultrafine  magnetic  particles  embed¬ 
ded  in  a  metal  or  ceramic  matrix  have  resulted  in  large- 
coercivity  materials.2  Usually  such  films  ar  prepared  by 
cosputtering  of  two  immiscible  elements,  e.g.,  Fe-Cu  or 
Fe-Al203.2'  Here  we  report  on  the  preparation  of  Fe-AljOj 
nanocomposite  powders  by  high-energy  bail  milling. 


II.  EXPERIMENTAL 

Ball  milling  of  fine  powders  of  o-Al203  and  a-Fe  (1-10 
/tin)  was  performed  in  a  Fritsch  (Pulverisette  5)  planetary 
mill.  Powder  to  ball  weight  ratio  was  1:20  with  a  total  of  9.6 
g  powder  per  vial.  The  ball  and  vial  materials  were  tungsten 
carbide.  The  vial  was  sealed  in  an  aigon-filled  glove  box 
before  milling  the  powder  for  70  h.  Samples  with  Fe  volume 
fractions  (x„)  in  the  range  0.1 -0.5  were  prepared  and  inves¬ 
tigated. 

The  prepared  samples  were  studied  by  a  number  of  tech¬ 
niques:  x-ray  and  electron  diffraction,  transmission  and  scan¬ 
ning  electron  microscopy,  Mossbauer  spectroscopy,  and 
magnetization  measurements. 

X-ray  diffraction  measurements  were  obtained  by  using 
Cu  K0  radiation  from  a  Philips  powder  diffractometer 
equipped  with  a  single-crystal  monochromator  in  the  dif¬ 
fracted  beam. 

Transmission  electron  microscopy  and  electron  diffrac¬ 
tion  studies  were  performed  by  using  a  JEOL  2000 x  micro¬ 
scope  operating  at  200  kV. 

Mossbauer  spectroscopy  spectra  were  obtained  by  using 
a  constant  acceleration  spectrometer  with  a  source  of  !7Co  in 
rhodium.  The  linewidth  obtained  for  an  a-Fe  foil  reference 


sample  was  smaller  than  0.25  mms~'  (FWHM),  both  at 
room  temperature  and  at  80  K.  The  spectra  were  fitted  with 
Lorentzian  lines  using  a  least-squares  method. 

Magnetization  measurements  were  performed  at  room 
temperature  employing  a  vibrating-sample  magnetometer. 


IN.  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  x-ray  diffraction  spectrum  of  the 
Feo  j(A12O})0  7  sample.  The  peaks  are  significantly  broadened 
with  respect  to  the  peaks  in  spectra  obtained  of  /un  sized 
particles.  Besides  a-Fe  and  a-Al203  also  WC  is  observed  in 
the  x-ray  diffraction  spectrum.  From  the  excess  broadening 
of  the  lines  the  crystallite  size  of  the  a-Fe  is  estimated  to  be 
about  9  nm.  The  x-ray  diffraction  spectra  of  the  samples  with 
different  volume  fraction  of  Fe  indicated  similar  mean  sizes. 
Dark-field  transmission  electron  micrographs  of  the  sample 
with  x„=0.1  confirmed  the  presence  of  nanometer-sized 
crystallites,  but  indicated  a  wide  distribution  of  crystallite 
sizes. 

Neither  the  x-ray  nor  the  electron  diffraction  patterns 
indicated  any  presence  of  iron  oxides  in  the  samples.  How¬ 
ever,  Mossbauer  spectra  of  the  samples  clearly  showed  the 
presence  of  iron  oxide.  Figure  2  shows  Mossbauer  spectra 
obtained  at  80  K.  The  six-line  pattern  of  a-Fe  is  easily  rec¬ 
ognized.  The  remaining  spectrum  is  well  described  by  a  dou¬ 
blet  (5=1.1  mm  s"1  and  a  quadrupole  splitting  of  about  1.9 
mm  s'1)  due  to  Fe2+.  The  linewidth  of  absorption  lines  due 
to  a-Fe  are  broadened  with  respect  to  the  intrinsic  linewidth. 
This  broadening  is  most  probably  due  to  a  large  fraction  of 
the  iron  atoms  being  situated  in  interface  regions,  with  modi¬ 
fied  hyperfine  parameters  due  to  lattice  distortions  in  this 
region.  Plastic  strain  may  also  be  affecting  the  Mossbauer 
spectrum.  Mossbauer  spectra  of  assemblies  of  5  nm  nanopar¬ 
ticles  of  o-iron  have  previously  been  shown  to  exhibit  broad 
absorption  lines  due  to  the  presence  of  an  intcrfacial 
component.4 

The  relative  area  of  the  component  ascribed  to  iron  ox¬ 
ide  was,  from  the  Mossbauer  spectra,  observed  to  increase 
with  decreasing  x„ .  In  Table  I  the  relative  number  of  oxi¬ 
dized  iron  atoms,  obtained  from  fittings  of  the  spectra  in  Fig. 
2,  are  given  as  a  function  of  xv .  Surely,  this  is  the  main 
reason  for  the  observed  decrease  of  the  saturation  magneti- 
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1  X-ray  diffraction  curve  of  ball-milled  Fc„  ,(Al;O,)0,  Squares,  balLs,  and  inangks  indicaie  the  pONlionaof  the  diffraction  tinea  of  or-Fe,  o-AI-O,,  and 
-  respectively. 


zation  (M ,)  per  iron  atom  for  decreasing  x„ .  Table  I  shows 
Mt ,  as  well  as  M  J"",  where  the  latter  is  the  saturation  mag¬ 
netization  per  iron  atom  corrected  for  the  number  of  iron 
atoms  in  the  oxide  when  these  are  assumed  not  to  contribute 
to  the  magnetization  of  the  samples.  The  presence  of  iron 


-12.0  0,0  12.0 
velocity  (mm/s) 


FIO.  2.  Mdwbnuer  spectra  of  ball-milled  Fc.lAl-O,!, samples,  with  x„ 
befog  Hie  volume  fraction  of  iron.  The  spectra  were  obtained  at  80  K. 


oxide  may  also  affect  other  magnetic  properties,  e  g.,  the 
coercivity  of  iron  particles  have  been  found  to  be  much  in¬ 
fluenced  by  surface  oxide  components.5 

Figure  3  shows  the  coercivity,  at  room  temperature,  as  a 
function  of  x„.  Maximum  coercivity  (*-3xl04  Am'1)  is 
found  for  x„~0.25.  For  comparison,  the  coercivity  of  bulk 
o-iron  is  about  2X 102  A  m'  ’,  i.e.,  about  two  orders  of  mag¬ 
nitude  smaller.  We  ascribe  this  enhancement  of  the  coercivity 
to  be  due  to  a  reduction  of  the  crystallite  size  to  the  size 
region  of  single-domain  particles.  If  the  crystallite  size 
would  be  much  less  than  the  about  10  nm  deduced  for  the 
crystallites  of  the  presently  investigated  samples,  superpara- 
magnetic  behavior  would  begin  to  cause  very  low  coercivi- 
ties. 

When  approaching  the  percolation  limit  (xp—0.5)  the  co¬ 
ercivity  decreases.  This  is  probably  due  to  magnetic  ex¬ 
change  interactions  between  the  crystallites.  Above  the  per¬ 
colation  threshold  the  particles  may  no  longer  be  regarded  as 
truly  single  domain.  In  Fig.  3  coercivities  found  by  Ambrose 


TABLE  I.  The  relative  number  of  oxidized  Fe  atoms  are  given  as  a  function 
of  tbe  volume  fraction  (x„)  of  Fe  in  the  Fe-Ai20,  naaocompoaites.  The 
saturation  magnetization  (Aff*)  is  per  Fe  atom  in  tbe  sample.  Af  f**0'1  is 
corrected  for  tbe  amount  of  oxidized  iron,  assuming  that  oxidized  iron  atoms 
contribute  insignificantly  to  the  magnetization.  Tbe  magnetization  of  bulk 
iron  at  298  K  a  217  JT'1  kg'1. 


x«, 

Oxidized  Fe 

(%) 

(JT-'kg1) 

jyFe.lufT 

(Jt  '‘ kg  ') 

0.1 

49.5 

91.6 

181 

0.2 

23.2 

157.3 

205 

0.3 

19.4 

172.2 

214 

0.4 

17.0 

176.0 

212 

0.5 

8.6 

188.8 

207 
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FIG.  3.  Room -temperature  coercivity  as  a  function  of  xv  after  70  h  of  ball 
milling.  Solid  triangles  are  data  from  Ref.  6. 

era/.6  on  similarly  prepared  samples  are  also  shown.  The 
coercivities  obtained  in  the  present  work  are  found  to  be 
significantly  larger.  This  may  be  an  effect  of  different  ball 
milling  conditions  (e.g.,  milling  velocity  and  weight  ratios 
between  powder  and  balls). 

Figure  4  shows  the  remanent  magnetization  for  the  dif¬ 
ferent  samples  at  room  temperature.  The  remanent  magneti¬ 
zation  is  seen  to  pea*  at  jr„  =0.3,  which  is  about  the  compo¬ 
sition  region  where  also  Hc  has  its  maximum  value.  The 
decrease  of  M,  for  x„  below  0.3  is  due  to  the  decreasing 
amount  of  iron  in  the  samples.  When  the  remanent  magneti¬ 
zation  is  given  relative  to  the  saturation  magnetization  of  the 
samples,  maximum  is  obtained  for  the  sample  with  the  low¬ 
est  content  of  iron,  decreasing  monotonically  for 
increasing  Jt„ . 

IV.  CONCLUSIONS 

High-energy  ball  milling  of  mixtures  of  /xm-sized  par¬ 
ticles  of  a- iron  and  ar-AI203  was  found  to  yield  nanocom- 
posite  materials  with  an  a-Fe  crystallite  size  of  about  9  nm. 
The  coercivity  of  the  ball  milled  samples  was  enhanced  by 
about  two  orders  of  magnitude  with  respect  to  bulk  a'-iron. 
Mossbauer  measurements  revealed  the  presence  of  iron  ox¬ 
ide  phases,  which  were  not  seen  in  x-ray  and  electron  dif¬ 
fraction  patterns  of  the  samples. 


0  01  02  03  04  05  06 


FIG.  4.  The  upper  figure  shows  the  remanent  magnetization  per  mass  unit  of 
the  sample.  The  lower  figure  shows  the  remanent  magnetization,  relative  to 
the  saturation  magnetization,  as  a  function  of  *L. .  The  values  are  obtained  at 
room  temperature. 
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Synthesis  end  properties  of  a''-Fe1sN2  in  magnetic  particles 

Xiaohua  Bao  and  Robert  M.  Metzger 
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Tuscaloosa  Alabama  354874336 

Massimo  Carbucicchio 
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The  a”-Fe16N2  phase  was  synthesized  by  a  nitriding,  quenching,  and  tempering  process  starting 
from  Fe;Oj.  Acicular  y-Fe20,  was  first  reduced  to  o-Fe  under  H2,  then  it  was  converted  to 
y-ausienite  at  650-700  °C  by  nitriding  using  a  NH3-H2  mixed  gas.  A  martensitic  transformation  to 
a' -martensite  occurred  when  the  sample  was  quenched  in  liquid  nitrogen.  Finally,  the  a"- Fe16N2 
phase  was  formed  from  the  a' -martensite  by  tempering  in  the  temperature  range  120-200  “C  in 
order  to  increase  the  extent  of  the  martensitic  transformation,  acicular  Fe203  particles  with  10-15 
at%  Mn02  were  prepared  by  oxidizing  Fe44  and  Mn44  in  alkaline  aqueous  solution.  When  a 
quenched  sample,  which  contains  martensite,  o-Fe,  and  austenite,  was  tempered  at  200  °C  for 
different  times,  the  magnetic  moment  first  increased  (transformation  of  a' -martensite  to  a,"-Fe,6N2); 
the  highest  magnetic  moment  was  obtained  at  about  60  min  of  tempering.  Using  even  longer 
tempering  times,  the  magnetic  moment  decreased  (decomposition  of  a"-Fe,^N2  to  o-Fe  and 
y'-Fe4N).  Only  a  very  small  amount  of  /-Fe4N  was  formed  after  tempering  at  120  °C  for  one  week. 
The  average  coercivity  of  the  samples  nitrided  at  650-700  °C  is  about  200-300  Oe;  the  sample 
magnetization  is  about  170  emug“l.  Mossbauer  spectroscopy  and  x-ray  diffraction  confirm  the 
presence  of  a"- Fe,6N2.  The  estimated  mole  fraction  of  oC-Fel6N2  (which  should  be  called  more 
simply  FegN)  is  0.30-0.40.  The  low  coercivity  of  the  final  product  indicates  that  sintering  of  the 
acicular  particles  occurred,  presumably  because  the  silica  protective  coating  of  the  particles  did  not 
resist  the  high  temperatures  needed  to  form  austenite. 

Because  of  the  reported  large  saturation  magnetization 
(>300  emug'1)  of  a"-Fe16N2,  intensive  efforts  have  been 
made  to  form  this  material  in  thin  films  by  different 
methods.1  3  a"-Fe,6N2  was  first  reported  by  Jack3  in  his 
comprehensive  study  of  the  Fe-N  phase  diagram.  In  this 
phase  diagram,4  the  a"-Fe16N,  phase  has  a  body-centered 
tetragonal  structure3  (a- 5.72  A,  c=6.29  A,  space  group  14/ 
mmm)  and  is  metastable  for  Fe,N,  (6<je <  11,  150  °C<T 
<300  °C).  This  compound  was  formed  by  a  nitriding, 
quenching,  and  tempering  process  and  was  considered  as  an 
ordered  form  of  nitrogen  martensite.  <*”-Fe16N2  also  precipi¬ 
tates  at  the  strain  boundaries  of  supersaturated  "nitrogen  fer¬ 
rite”  (Fe,N).5'7  (Incidentally,  the  historical  name  of -Fe16N2 
should  be  replaced  by  the  simpler  name  Fe8N,  as  has  already 
been  done  elsewhere.8) 

Kim  and  Takahashi1  first  reported  the  high  magnetic  mo¬ 
ment  of  «"-Fe16N2  (Bs= 2.83  T)  in  polycrystalline  Fe-N  thin 
films  deposited  by  evaporation.  Komuro  et  aL2  reported  its 
formation  by  molecular  beam  epitaxy  on  Fe(100)/ 

Ino^GaogAsllOO)  and  In02Ga)LgAs(001)  substrates;  the  re¬ 
ported  saturation  magnetic  flux  density  Bs  was  from  2.8  to 
3.0  T  (3.1/ig  to  3.3/ig  per  Fe  atom).2  Nakajima  and 
Okamoto9  reported  the  formation  of  crystalline 
phase  in  nitrogen-implanted  epitaxial  iron  films  on  MgO 
substrates.  Implantation  of  N2  ions  transformed  a-iron  into 
partially  ordered  nitrogen  martensite  (a'-FeIN)  and 
a,’-Fe,6N2  (the  ordered  form  of  martensite).  The  amount  of 
o”-Fei6N2  was  increased  from  16  to  24  wt  %  by  annealing  in 
vacuum  at  150  °C  for  2  h.  Gao  and  Doyle10  recently  reported 
powder  x-ray  diffraction  evidence  for  the  formation  of 
</-Fe16N2  on  sputtered  single-layer  Fe-N  films. 

In  our  previous  work,11  we  tried  to  both  nitride  o-Fe  and 
denitride  y-Fe4N  directly  at  temperatures  close  to  the  re¬ 


ported  metastable  existence  region4  for  ar"-Fe,6N2  (about 
300  °C):  in  neither  case  was  a  detectable  amount  of 
of- Fe16N2  formed.  Here  we  wish  to  report  the  formation  of 
ar’-FeiJ'lj  particles  (mixed  with  ar-Fe  and  y-austenite)  in  a 
practical  and  economical  procedure. 

For  unalloyed  particles,  the  starting  material,  acicular 
y-Fe203  (from  Magnox),  was  coated  with  sodium  silicate  or 
sodium  borate  at  pH<7,  filtered,  washed  with  deionized  wa¬ 
ter,  and  dried.  For  alloyed  particles,  manganese-iron  oxide 
(Mn02-Fe203;  10-15  at  %  Mn/Mn+Fe)  was  prepared  by 
oxidizing  FeS04  and  MnS04  in  alkaline  aqueous  solution 
through  which  air  was  bubbled,  and  then  coating  the  result¬ 
ing  particles  (typical  sizes:  0.3  /imX0.06  /jmxO.06  pm) 
with  sodium  silicate  or  sodium  borate  to  protect  them  from 
spontaneous  combustion. 

2.0  g  of  Si02-coated  y-Fe203  or  Mn02-Fe203  powder 
were  loaded  into  a  quartz  reactor  in  a  Fisher  Isotemp 
controlled-temperature  furnace,  through  which  nitrogen  gas 
was  passed  until  the  temperature  increased  to  450  °C,  then 


FIG.  1.  X-ray  diffraction  spectrum  for  sample  containing  15  at%  Mn, 
treated  with  NH3  :H, ,  tempered  for  60  min  at  200  "C. 
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FIG.  2.  Plot  of  saturation  magnetic  moment  against  tempering  time  it 
200  °C  for  15  tt  %  Mn-Fe  sample. 

H2  gas  was  passed  at  450  °C  for  2  h  to  reduce  the  oxides  to 
Fe  or  Mn-Fe  alloy  powders.  These  powders  were  nitrided 
under  a  hydrogen-ammonia  mixed  gas  (volume  ratio  7:1- 
10:1)  at  650-700  °C.  After  the  nitriding,  the  reactor  was 
quickly  quenched  into  liquid  nitrogen.  The  quenched  sample 
was  finally  tempered  under  nitrogen  at  120-200  °C  for  dif¬ 
ferent  periods  of  time. 

The  phases  of  the  products  were  identified  by  powder 
x-ray  diffraction  (Rigaku  DXG-2B)  using  Cu  Ka  X  radia¬ 
tion.  The  magnetic  properties  (magnetization,  coercivity) 
were  measured  using  a  vibrating  sample  magnetometer 
(Digital  Measurement  Systems)  with  a  maximum  field  of  14 
kOe.  The  Mn  content  was  known  from  the  initial  molar  ra¬ 
tios,  and  also  determined  by  an  x-ray  fluorescence  spectros¬ 
copy  attachment  to  a  JEOL  8600  Super  Probe  scanning  elec¬ 
tron  microscope.  The  presence  and  the  contents  of  different 
Fe  phases  were  evaluated  by  transmission  Mossbauer  spec¬ 
troscopy.  The  absorption  spectra  were  measured  at  room 
temperature  using  a  15  mCi  57Co(Rh)  source,  and  standard 
constant-acceleration  techniques.  A  least-squares  minimiza¬ 
tion  routine  was  used  to  fit  the  spectra  as  a  superposition  of 
Lorentzian  lines. 

According  to  the  Fe-N  phase  diagram,4  iron  particles, 
when  nitrided  under  NHj/H2  mixed  gas  at  temperatures 


VckxaqrOemr') 


FIG.  3.  Transmission  Mossbauer  spectrum  for  sample  containing  15  at  % 
Mn.  treated  with  NH,  :H- .  tempered  for  150  min  at  200  °C. 
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TABLE  L  Hyperfine  magnetic  tic  Ida,  Hy  <kOe>.  quadrupok  sptittiags.  A 
(nun  s  1 ),  and  isomer  shifts  agansl  pure  iron,  IS  (mm  s  *1.  for  the  cuotnbu- 
tioos  to  the  spectrum  of  Fig.  3. 


Species 

Site 

Hy 

4£u 

IS 

<>■-10,  *N, 

Fe  1 

292 

-0.17 

0.01 

a'-Fe,tN2 

Feu 

397 

-0.04 

0.07 

o'-Fe,6N3 

Fe  m 

317 

0.15 

0.10 

®-Fe 

330 

0 

0 

y- austenite 

0.04 

0.37 

0.07 

above  600  °C,  form  nitrogen  y-austenite;  when  austenite  is 
quenched  to  low  temperature,  it  undergoes  a  “martensitic" 
transformation  to  a' -martensite  (a  solid  solution  of  N  in  Fe): 
the  conversion  efficiency  to  martensite  depends  on  the 
quenching  temperature.  In  our  work,  the  y-Fe,N  particles 
were  quenched  at  different  temperatures  by  putting  the 
quartz  reactor  into  ice  water,  dry  ice  acetone,  or  liquid  nitro¬ 
gen.  Powder  x-ray  diffraction  data  showed  that,  the  lower  the 
quenching  temperature,  the  higher  was  the  extent  of  marten¬ 
sitic  transformation.  This  is  because  the  speed  of  the  tem¬ 
perature  change  in  the  sample  determines  the  molar  ratios  of 
a' -martensite,  o-iron,  and  retained  7-austenite:  this  is  de¬ 
scribed  by  the  time  and  temperature  transformation  (Ti  l  ) 
diagram  for  the  martensitic  transformation. 12  The  extent  of 
the  martensitic  transformation  can  also  be  increased  by  al¬ 
loying  manganese  (10-15  at  %)*  into  the  particles. 

The  x-ray  diffraction  pattern  showed  that  quenched 
samples  were  composed  of  a-Fe,  a' -martensite  and 
7-austenite,  while  the  tempered  samples  contained  a-Fe. 
7-austenite,  and  cT -Fe16N2.  The  x-ray  diffraction  powder 
pattern  for  a  tempered  sample  (Fig.  1)  shows  peaks  due  to 
a-Fe  [(HO),  (200),  (211),  a=2.86  A];  a"-Fe]6N2  [(202), 
(220),  (004)  and  (312),  (422),  and  (314)];  and  7-austenite 
[(111),  (200),  (220),  (113);  a=3.64  A],  two  peaks  that  may 
possibly  be  due  to  Mn2N  [(002):  d= 2.216  A,  and  (040): 
d= 1.228  A],  plus  one  unassigned  peak  [<f=2.611  A],  The 
angular  resolution  of  the  x-ray  diffraction  pattern  was  not 
sufficient  to  detect  the  expected  small  lattice  expansion  due 
to  the  presence  of  Mn  (whose  single-bond  metallic  radius  is 
0.5%  larger  than  that  of  Fe).  The  peaks  due  to  a"-FeI6N2  are 
broad,  and  mostly  overlap  with  peaks  due  to  other  species. 
The  one  nonoverlapped  peak  at  d  =  1.571  A  is  consistent 
with  the  (004)  and  (312)  reflections  of  a"-Fe)6N2.  Estimates 
of  the  molar  fractions  of  the  several  phases  seen  in  Fig.  1 
could  not  be  made  with  certainty. 


TABLE  It.  Relative  population  for  15  at  %  Mn  alloyed  particles  tempered  at 
200  °C  for  different  times  (r/min). 


Species 

She 

Population  {%) 

/=45 

f=6 0 

1  =  150 

1=210 

oT-Fcl6N2 

Fe  1 

12.3 

9.7 

14.2 

13.9 

of-Fe^N: 

Fen 

12.3 

9.7 

8.4 

103 

o’-Fe16N; 

Fein 

15.9 

15.8 

13.7 

13.4 

a-Fe 

29.5 

29.1 

32.7 

32.0 

y-sustenhe 

30.0 

35.7 

31.0 

30.4 
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Recent  transmission  electron  microscopy  has  shown  un¬ 
ambiguous  evidence  for  the  presence  of  the  o'- Fe16N2  phase; 
this  evidence  will  be  discussed  in  a  later  publication. 

The  saturation  magnetization  for  unalloyed  Fe  particles 
(no  Mn)  before  tempering  was  about  170  emu  g  \  which  is 
considerably  lower  than  that  of  built  a-Fe  (210  emu  g_1), 
possibly  due  to  the  surface  oxidation  of  the  sample.  Alloying 
manganese  (IS  at  %)  reduced  the  magnetic  moment  of  the 
particles  to  about  ISO  emu  g~‘  before  tempering.  When  the 
martensite-containing  sample  was  tempered  at  200  °C  for 
different  times,  the  magnetic  moment  at  first  increased,  due 
to  the  transformation  to  a"-Fe16N2;  the  highest  magnetic  mo¬ 
ments  (<rj=170  emu  g  1  for  15  at  %  Mn  alloyed  particles) 
were  obtained  for  tempering  times  of  about  45-60  min  (Fig. 
2).  For  longer  tempering  times,  the  magnetic  moment  de¬ 
creased,  because  the  or'' -Fe,6N2  phase  decomposed  to  o-Fe 
and  y'-Fe4N;  this  decomposition  was  much  slower  at  the 
lower  tempering  temperatures.  After  tempering  at  120  °C  for 
one  week,  only  a  very  small  amount  of  y'-Fe4N  was  detected 
by  powder  x-ray  diffraction.  Sintering  was  observed  after  the 
high-temperature  nitriding  above  600  °C:  the  coercivity  of 
the  Anal  particles  was  only  about  200  Oe  (for  both  pure  Fe 
and  Mn-Fe  particles),  while  the  coercivity  of  the  particles 
reduced  and  nitrided  at  450  °C  was  about  600  Oe.  The  aver¬ 
age  final  particle  shape  may  have  become  less  acicular  when 
nitriding  above  600  °C,  and  coating  the  acicular  oxide  par¬ 
ticles  with  sodium  silicate  or  sodium  borate  did  not  keep  the 
particles  from  sintering. 

The  Mossbauer  spectra  for  all  samples  (tempered  for  dif¬ 
ferent  times)  are  very  similar.  Figure  3  shows  the  Mossbauer 
spectrum  of  IS  at  %  Mn  alloyed  particles  tempered  at  200  °C 
for  ISO  min.  It  can  be  interpreted  as  a  superposition  of  con¬ 
tributions  from  pure  a-Fe  (one  sextet),  from  y-austenite  (the 
central  peak  and  quadrapole  doublet),  and  from  a" -Fe,ftN2 
(three  sextets).  These  three  sextets  correspond  to  the  three 
different  sites  Fe  1,  Fe  u,  and  Fe  III  in  the  crystal  structure3  of 
a"-Fe16N2,  i.e.,  they  correspond,  respectively,  to  Fe  atoms 
which  are  first,  second,  and  third  nearest  neighbors  with  re¬ 
spect  to  nitrogen  atoms.  Table  I  gives  the  hyperfine  param¬ 
eters  for  the  contributions  to  the  spectrum:  hyperfine  mag¬ 
netic  fields  (Hu)  in  kOe,  quadrupolar  splittings  (A Eg)  and 
isomer  shifts  against  pure  iron  (IS)  in  mm  s1.  Figure  2  and 
the  H hf  data  of  Table  I  agree  quantitatively  with  the  Moss¬ 
bauer  results  of  Nakajima  and  Okamoto,13  but  disagree  with 
the  lower-resolution  data  of  Sugita  et  of;14,15  note  that  Mn  is 
absent  in  the  samples  of  Refs.  13,  14,  15. 

Sample  tempering  conditions  do  not  affect  substantially 
the  hyperfine  parameters.  The  relative  populations  (as  esti¬ 
mated  from  the  contributions  to  the  Mossbauer  spectra)  for 
samples  treated  at  different  tempering  times  are  given  in 
Table  II.  The  amount  of  a4-Fe16N2  in  the  samples  is  about 
30%-40%.  As  the  tempering  time  increased,  the  contents  of 
or"-Fe16N2  decreased  slowly.  The  averaged  ratios  for  Fe  I, 
Fe  n,  and  Fe  0!  are  about  4.5:4.5:7  for  the  samples  tempered 
45  and  60  min,  and  6:4:6  for  the  samples  tempered  150  and 
210  min  (the  ratios  reported  by  Nakajima  and  Okamoto13 
were  4:3:9),  while  in  the  crystal  structure  of  a4- Fe16N2  the 
occupancy  ratios  should  be  4:8:4.  The  low  occupancy  of  the 


Fe  u  site  might  be  a  consequence  of  some  lattice  irregularity. 
The  amount  of  retained  nitrogen  y- austenite  varied  from 
31%  to  36%,  during  the  tempering  process  at  200  °C:  this 
relatively  high  percentage  is  due  to  the  stabilization  of  the 
y-austenite  phase  due  to  Mn. 

The  amount  of  Mn/Fe  estimated  by  x-ray  fluorescence  is 
20  at  %,  while  the  mixing  stoichiometry  was  15  at  %. 

In  the  Fe-Mn  binary  alloy  system,16  the  magnetic  mo¬ 
ment  at  first  drops  slowly  as  the  Mn  increases;  when  the  Mn 
concentration  is  greater  than  7  at  %,  the  a  phase  transforms 
to  the  nonmagnetic  y  phase,  and  the  magnetic  moment  drops 
rapidly.  In  our  samples,  the  a  phase  is  still  present  (0.3  Fe 
atom  fraction);  the  Mn  atoms  may  be  distributed  very  in- 
homogeneously,  or  the  quenching  from  high  temperature  to 
liquid-nitrogen  temperature  may  have  stabilized  the  a  phase. 

We  now  estimate  the  contribution  of  FegN  to  the  mea¬ 
sured  magnetization.  Put  most  simply,  the  addition  of  N  to 
the  (Fe,Mn)  alloy  increases  the  measured  magnetization 
from  150  to  170  emug-1.  For  the  15  at  %  Mn  alloyed 
sample  with  r =60  min  tempering,  by  neglecting  the  possible 
presence  of  small  amounts  of  other  ferromagnetic  phases 
(such  as  y-Fe203  and  y'-Fe4N),  by  neglecting  differences  in 
densities,  by  assuming  0.85  atom  fraction  Fe/(Fe+Mn),  by 
using  the  measured  0.352  Fe  atom  fraction  of  FegN  with 
<rs= 310  emu  g-1,  and  0.291  Fe  atom  fraction  of  a- Fe(Mn) 
with  05=210  emug-1,  the  calculated  magnetic  moment  of 
the  sample  becomes  144  emug  \  in  moderate  agreement 
with  measured  value  of  170  emu  g'  *.  If  we  do  not  correct  for 
the  presence  of  Mn,  then  the  calculated  moment  becomes, 
fortuitously,  0.291x210+  0.352  X310=170  emu  g'1. 

We  have  shown  that  in  a  particulate  sample  prepared 
under  close  to  industrial  conditions,  up  to  30  at  %  can  be 
converted  to  Fe„N,  historically  known  as  or'-Fe16N2.  The 
measured  moment  is  in  agreement  with  estimates  that  FegN 
should  have  a  dramatically  large  bulk  magnetization.  The 
coercivity  could  not  be  raised  above  200  Oe,  because  the 
acicular  particles  sintered  at  the  high  temperatures  used.  Fur¬ 
ther  work  on  better  coating  procedures  is  in  progress. 
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The  nature  of  magnetism  and  electron  paramagnetic  resonance  (EPR)  spin  dynamics  in  30  A 
particles  of  FeOOH  have  been  investigated  in  the  range  5-350  K.  X-ray  diffraction  shows  that  the 
particles  are  neither  a-Fe203  nor  a-FeOOH  based  and  they  convert  to  Fe304  ( cr-Fe203)  on  heating 
to  800  K  in  vacuum  (air).  Magnetization  M  vs  T  data  show  a  blocking  temperature  Tt  in  the  range 
40  K<rs<100  K  so  that  for  T*  100  K,  scaling  of  M  with  H/T  for  H  up  to  50  kOe  verifies 
superparamagnetism.  In  EPR,  both  the  linewidth  A H  and  the  g  value  decreases  upon  increasing  T 
so  that  near  300  K,  g=2.0S  (characteristic  of  Fe3*).  A  model  of  motional  narrowing  is  used  to 
explain  the  A H  vs  T  behavior.  The  dramatic  changes  in  M,  A H,  g  value,  and  the  recoilless  fraction 
of  Mossbauer  spectroscopy  observed  near  50  K  are  all  related  to  the  thermal  motion  of  the 
superparamagnetic  nanoscale  particles. 


I.  INTRODUCTION 

In  this  work,  the  nature  of  magnetism  and  spin  dynamics 
of  nanoscale  (—30  A)  iron  oxyhydroxide  particles  have  been 
investigated  by  temperature  dependent  magnetization  and 
electron  paramagnetic  resonance  (EPR)  spectroscopy, 
supplemented  by  Mossbauer,  and  x-ray  diffraction  (XRD) 
measurements.  This  sample,  available  commercially  (called 
nanocat™  by  Mach  I,  Inc.1),  is  used  in  rocket  propellants  and 
it  is  also  a  part  of  a  group  of  iron-based  oxides  with  potential 
applications  in  direct  coal  liquefaction.2-3  In  addition  to  the 
inherent  interest  in  the  properties  of  nanoscale  particles  vis- 
a-vis  bulk  materials,  the  structure  of  this  material  is  also 
controversial.  Whereas,  the  phase  of  this  material  is  de¬ 
scribed  as  a-Fe20,  by  the  manufacturer,  a  recent  work  by 
Zhao  era/.,4  using  the  extended  x-ray  fine  structure 
(EXAFS)  and  the  x-ray  absorption  near-edge  structure 
(XANES)  studies  indicate  the  structure  to  be  an  iron  oxyhy¬ 
droxide  (FeOOH),  with  the  valence  state  of  iron  being  Fe3+. 
Bulk  a-FeOOH  is  a  known  antiferromagnet  with  7^=358  K 
(Ref.  5)  so  that  an  EPR  signal  from  a-FeOOH  is  not  ex¬ 
pected  for  T<  T f,.  Initial  room-temperature  EPR  of  the  nano¬ 
cat  yielded  a  strong  signal  with  g=2,  characteristic  of  Fe3+ 
indicating  that  either  the  structure  is  different  from 
of-FeOOH  and  a-Fe203  or  the  TN<3QQ  K  for  the  nanocat. 
Temperature  variation  of  the  EPR  was  then  undertaken 
which  yielded  strong  temperature  variation  of  the  g  value 
and  the  linewidth.  To  further  elucidate  the  nature  of  magne¬ 
tism  in  this  material,  temperature  and  field  variation  of  the 
magnetization  were  also  investigated,  supplemented  by 
room-temperature  XRD  studies  of  the  sample  annealed  under 
different  conditions.  Finally,  the  recent  temperature- 
dependent  Mossbauer  studies  of  Ganguly  el  a/.6  are  also  con¬ 
sidered  in  the  interpretation  of  the  data.  Details  of  these  re¬ 
sults  are  presented  below. 
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II.  EXPERIMENTAL  PROCEDURES 

A  superconducting  quantum  interference  device 
(SQUID)  magnetometer  (Quantum  Design  Model  MPMS) 
was  used  for  magnetic  studies  in  the  5-350  K  range  and  for 
fields  up  to  50  kOe.  The  EPR  studies  reported  here  on  the 
as-received  sample  were  carried  out  on  a  Brucker  e-band 
spectrometer  for  the  range  10-350  K.  The  linewidth  A H 
reported  here  are  the  peak-to-pcak  field  separations  in  the 
absorption  derivative  and  for  g-value  measurements,  the  cav¬ 
ity  frequency  v  was  measured  at  each  temperature  and  the 
resonance  field  H0  is  determined  by  the  location  of  the  zero 
of  the  absorption  derivative.  Then,  g=0.71448wW0,  where  v 
is  in  GHz  and  H0  in  kOe.  The  XRD  spectra  were  taken  on  a 
Rigaku  D/Max  diffractometer. 

III.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  XRD  Id  scans  of  the  as-received 
sample,  a  vacuum-sealed  sample  heated  to  700  K,  and  a 
sample  heated  to  700  K  in  air.  For  comparison,  stick  dia¬ 
grams  of  the  expected  diffractograms  for  a-FeOOH, 
a-Fe203,  and  Fe304  are  also  shown.  From  the  broadened 
(due  to  small  particle  size)  two-line  diffractogram  of  the 
nanocat  sample,  it  is  not  possible  to  identify  its  phase.  How¬ 
ever,  it  is  quite  clear  that  the  material  structure  is  not  based 
on  the  structures  of  either  a-FeOOH  or  a-Fe203  since  some 
prominent  lines  of  these  structures  are  not  present  in  the 
nanocat  diffractogram.  Rather,  a  case  may  be  made  that  basic 
structure  is  based  on  Fe304,  although  severe  broadening  of 
the  line  due  to  small  particle  size7  limits  an  accurate  identi¬ 
fication.  Using  the  Scherrer  equation8  and  half  width  of  the 
two  lines  from  the  high-angle  side  where  there  is  no  interfer¬ 
ence  from  the  other  lines  of  Fe304,  a  particle  diameter  =20 
A  is  estimated.  This  is  in  good  agreement  with  the  results  of 
transmission  electron  microscopy  measurements8  which 
yielded  a  near  Gaussian  distribution  of  particles  with  a  mean 
diameter  of  about  30  A  and  particle  range  from  15  to  45  A. 
In  Fig.  1,  we  also  show  XRD  patterns  of  the  sample  heated 
to  about  700  K  both  in  vacuum  and  in  air.  These  studies 
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FIG.  1 .  X-ray  diffractograms  of  the  as-received  nanocat,  and  nanocat  heated 
to  750  K  in  vacuum  and  in  air.  Stick  diagrams  of  magnetite,  hematite,  and 
goethitc  (a-FeOOH)  are  shown  for  comparison. 


clearly  show  that  heating  in  vacuum  produces  Fe304  whereas 
heating  in  air  leads  to  a-Fe203.  This  result  may  provide  some 
insight  into  the  structure  of  the  nanocat.4 

The  temperature  variation  of  the  magnetic  susceptibility 
g-ih.'H,  measured  in  H- 100  Oe,  for  the  zero-field-cooled 
(zfc)  and  the  field-cooled  (fc)  cases,  is  shown  in  Fig.  2,  using 
the  protocol  described  elsewhere.9  The  two  curves  begin  to 
separate  at  temperatures  as  high  as  200  K,  although  clear 
distinction  is  perhaps  best  evident  only  below  about  100  K 
and  there  is  a  distinct  peak  in  dxIdT  near  50  K.  To  verify 
whether  Ts~100  K  is  indeed  the  blocking  temperature  for 
superparamagnetism,10  we  measured  M  vs  H  at  the  selected 
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FIG  3.  Plots  of  measured  magnetization  M  of  the  nanocat  against  HiT  for 
several  temperatures. 


temperatures  of  5,  40,  100,  250,  and  350  K.  Since  for  super 
paramagnetism,  M  should  scale  as  HIT,  we  show  in  Fig  3 
plots  of  M  vs  HIT  for  the  temperatures  noter1  above.  The 
data  at  100,  250,  350  K  collapse  on  to  one  curve  as  expected 
for  superparamagnetism  for  T»TB  (Refs.  8,10)  so  that  T0 
for  this  material  is  in  the  range  40  K<7g<100  K,  perhaps 
more  closer  to  100  than  40  K  (Fig.  2). 

Figure  4  shows  the  EPR  spectra  at  20,  70,  and  310  K.  It 
is  clear  that  both  the  g  value  and  the  linewidth  AH  increase 
as  T  decreases.  Also  the  line  shape  becomes  quite  asymmet¬ 
ric  at  the  lower  temperatures.  Figure  5  shows  the  temperature 
variation  of  AH  and  the  g  value  for  the  as-received  sample. 
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FIG.  2.  Magnetic  susceptibility  x=MIH  vs  temperature  for  the  zero-field- 
cooled  (zfc)  and  field-cooled  (fc)  nanocat  in  100  Oe. 


FIG.  4.  Magnetic  field  t 
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FIG.  5.  Temperature  dependence  of  the  EPR  linewidth  Atf  and  the  g  value 
for  (he  nanocat. 


Comparing  the  data  in  Fig.  2  and  Fig.  5,  it  is  evident  that 
there  are  correlations  of  the  temperatures  at  which  significant 
changes  in  g.  at"!  A//  occur. 

We  consider  the  narrowing  of  the  EPR  line  with  increas¬ 
ing  T  as  one  of  the  most  interesting  results  of  this  work. 
Sharma  and  Waldner"  have  discussed  the  superparamagnetic 
resonance  of  the  ultrafine  particles  of  Fe,Oa  in  ferrofluids  in 
terms  of  the  response  time  rsp  of  the  magnetic  moment  to 
thermal  forces  and  the  Larmor  precession  time  rt  in  a  mag¬ 
netic  resonance  field  H0.  This  analysis  yields 
f=  rsrjTL  =  M'VH0I2  vkBT,  where  M s  is  the  saturation  mag¬ 
netization  of  a  superparamagnetic  particle  of  volume  V0  and 
kj,  is  the  Boltzmann  constant.  If  /<?  1,  i.e..  rsp<Srt,  then  mo¬ 
tional  narrowing  of  the  superparamagnetic  resonance  is 
valid.  Note  that  /  decreases  as  T  increases,  thus  increasing 
the  motional  narrowing  effect,  in  agreement  with  the  experi¬ 
mental  observations  of  Fig.  5.  Using  the  data  of  Fig.  3  and 
particle  diameter  of  30  A,  we  find  /=0.003  at  300  K  so  that 
the  condition  /*sl  for  motional  narrowing  is  valid  in  this 
case.  (For  Ms,  we  have  used  the  value  of  M  at  50  kOe  for 
this  calculation.  The  lack  of  saturation  of  M  even  at  50  kOe 
may  be  due  to  pinning  of  the  moments  of  the  surface  spins12 
of  the  nanocat.) 

The  g  value  of  the  EPR  line  at  310  K  equals  2.05,  char¬ 
acteristic  of  an  ion  with  negligible  spin-orbit  contribution 
such  as  Fe3+.  This  result  is  consistent  with  the  conclusion  of 
Zhao  era/.4  from  the  EXAFS  and  XANES  studies  of  this 


material.  Part  of  the  g  shift  with  lowering  T  (Fig.  5)  may  be 
due  to  the  increase  in  the  demagnetizing  fields.  A  demagne¬ 
tizing  field  —100  Oe  at  10  K  is  estimated  from  the  data  of 
Fig.  2.  However,  shifts  in  H0  are  —1000  Oe  at  10  K.  There¬ 
fore  the  g  shifts  as  well  as  the  observed  asymmetry  of  the 
line  shapes  at  the  lower  temperatures  is  not  understood  at 
present. 

The  Mossbauer  spectroscopy  studies  of  this  sample  by 
Ganguly  el  a/.6  show  that  the  recoilless  fraction  decreases 
dramatically  with  increasing  T.  becoming  effectively  zero 
near  50  K  so  that  no  Mossbauer  spectra  is  observed  above  50 
K  unless  the  sample  is  compacted  or  frozen  in  cornuba  wax. 
One  can  therefore  infer  that  dramatic  changes  in  y,  A H,  g. 
and  the  recoilless  fraction  of  the  nanocat  observed  near  50  K 
are  all  related  to  the  same  phenomenon,  viz.,  thermal  motion 
of  the  nanoscale  superparamagnetic  particles.  The  motional 
narrowing  of  the  EPR  line  is  a  dramatic  consequence  of  this 
thermal  effect.  Preliminary  measurements  at  still  higher  tem¬ 
peratures  have  shown  that  this  narrowing  continues  till  about 
550  K  above  which  the  sample  begins  to  convert  to  FeAt 
when  heated  under  vacuum.  Further  studies  in  this  interest¬ 
ing  system  are  in  progress. 
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Two  microemulsion  systems,  the  ternary  system  H20/AOT/isooctane  and  the  binary  system  DDAB/ 
toluene,  were  used  to  prepare  metallic  cobalt  particles  by  borohydride  reduction  of  a  cobalt  salt.  The 
particles  prepared  in  the  AOT  system  were  extremely  small  and  superparamagnetic  with  magnetic 
moment  per  panicle  of  11.5 p.B,  a  blocking  temperature  of  2  K,  and  <ts  =  146  emu/g  at  1.7  K.  The 
magnetic  moment  and  crs  combined  imply  a  panicle  size  of  about  5.4  A.  However,  the  panicles 
made  in  the  DDAB  system  were  relatively  large,  —10  nm.  They  were  fenomagnetic  at  room 
temperature  but  with  no  coercivity. 


I.  INTRODUCTION 

Inversed  micelles  can  be  formed  by  dissolving  surfac¬ 
tants  in  organic  solvents  either  in  the  presence  or  in  the  ab¬ 
sence  of  water.  These  micelles  can  solubilize  inorganic  re¬ 
agents,  and  mixing  of  such  solutions  can  be  used  to  create 
very  small  panicles.  The  panicle  size  can  be  controlled  by 
adjusting  the  water  to  surfactant  molar  ratio  or  reagent  con¬ 
centrations.  Recently,  the  microemulsion  synthesis  technique 
has  seen  considerable  use  in  preparing  metallic  panicles,12 
semiconductor  panicles/  and  metal  boride  panicles.4  Our 
goal  is  to  study  the  magnetic  properties  of  very  small  par¬ 
ticles,  and  we  are  exploring  the  microemulsion  synthesis 
technique  as  a  possibly  viable  method  of  synthesis.  In  this 
work  we  describe  two  different  microemulsion  systems  to 
prepare  cobalt  particles.  One  of  the  systems  is  the  ternary 
system  H20/AOT/isooctane  with  the  precursors  of  the  reac¬ 
tion  confined  in  the  micelles  in  the  presence  of  water.  The 
other  is  the  binary  system  DDAB/toluene.  The  precursors  are 
trapped  in  the  empty  cavity  without  water.  Sodium  borohy¬ 
dride  is  used  as  the  reducing  reagent.  The  synthetic  methods 
and  concomitant  small  size  have  considerable  effect  on  the 
magnetic  properties. 


sample  of  Co  particles  in  AOT.  Powder  samples  were  ob¬ 
tained  by  flocculating  the  colloids  with  acetone  and  water, 
then  filtering,  and  washing  with  water  to  remove  the  AOT. 
Some  powder  samples  were  heat  treated  at  550  °C  for  2  h 
under  Ar  protection  in  order  to  make  the  particles  grow 
and/or  crystallize.5 

The  second  system  was  the  cationic  surfactant/solvent 
system  with  didodecyldimethylammonium  bromide  (DDAB) 
at  10  wt  %  dissolved  in  toluene.  C0ClvH2O  was  dissolved  in 
the  DDAB  solution  at  concentrations  of  either  0.005  or  0.01 
M.  A  5  M  NaBH4  aqueous  solution  was  added  in  excess  and 
stirred  vigorously.  The  solution  turned  from  blue  to  black 
and  formed  a  stable  colloid.  The  colloids  were  stable  for 
more  than  one  month,  which  is  more  stable  than  those  made 
with  AOT.  This  is  most  likely  due  to  the  fact  that  the  surfac¬ 
tant  DDAB  adheres  irreversibly  to  the  metal  colloid 
particles.2  Since  DDAB  is  insoluble  in  hexadecane  it  was 
added  to  the  colloid  to  force  the  DDAB  out  of  the  solution. 
This  procedure  leaves  the  surfactant  coated  particles  unprec¬ 
ipitated.  The  remaining  colloid  particles  were  slightly  floc¬ 
culated  and  could  be  removed  from  the  supernatant  above 
the  precipitated  DDAB  by  gentle  filtration. 


II.  EXPERIMENTAL  METHODS 

All  organic  solvents  and  the  distilled,  deionized  water 
were  degassed  with  Ar.  All  the  reactions  were  carried  out 
under  Ar  to  prevent  the  oxidation  of  the  final  products. 

The  first  system  we  used  to  produce  Co  particles  was  the 
anionic  surfactant  system  H20/AOT/isooctane.  11.2  ml  of 
0.27  M  AOT  (sodium  di-2-ethyl  hexylsulfosuccinate)  in 
isooctane  was  mixed  with  either  0.6  ml  of  0.3  M  CoCl2  or 
0.6  M  NaBH4  aqueous  solutions.  They  were  stirred  and  soni¬ 
cated  until  transparent.  The  molar  ratio  tv  of  water  to  AOT  in 
the  water-in-oil  microemulsion  was  11.  The  ratio  of  Co2+  to 
BH4  was  1:2.  When  the  two  microemulsions  of  Cod2  and 
NaBH4  were  mixed  together,  the  solution  turned  from  light 
pink  to  black  in  a  few  seconds.  This  black  colloid  was  stable 
for  about  ten  days.  Exposed  to  the  air,  the  colloid  turned 
from  black  to  light  brown  in  about  an  hour.  The  isooctane 
could  be  evaporated  at  room  temperature  to  yield  a  paste 


III.  RESULTS  AND  DISCUSSIONS 

A.  Co  particles  made  from  the  H20/AOT/)sooctane 
system 

The  as-prepared  particles  in  both  the  paste  and  the  pow¬ 
der  showed  no  structure  in  the  x-ray  diffraction  (XRD)  spec¬ 
tra,  suggesting  the  particles  were  either  smaller  than  the  reso¬ 
lution  limit  of  the  XRD  (—3  nm)  or  amorphous.  However, 
the  XRD  spectra  of  the  powder  samples  heat  treated  at 
550  °C  for  2  h  showed  solely  the  presence  of  Co. 

Transmission  electron  microscope  (TEM)  was  used  to 
size  the  particles  in  the  paste  and  powder  samples.  The  par¬ 
ticle  sizes  in  the  powder  were  estimated  at  about  4  nm  in 
diameter.  In  the  paste  sample  the  largest  particles  were  —3 
nm  or  perhaps  smaller,  but  our  ability  to  measure  this  size 
became  limited  by  our  TEM  resolution. 

Magnetization  is  plotted  in  Fig.  1  as  a  function  of  the 
applied  field  for  the  as-prepared  paste  sample.  We  see  the 
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TABLE  I.  Summary  of  tr,  and  //  for  samples  made 

in  the  AOT  system  with 

*=11. 
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H  (  X104  0«) 

found  from  V 

=  25 kT„/K  (Ref.  6)  yields 

a  diameter  of  15  A. 

FIG.  1.  Magnetization  as  a  function  of  applied  field  for  an  AOT  paste 
sample  at  different  temperatures. 


sample  cannot  be  saturated  even  at  1.7  K  and  55  kOe.  This 
implies  that  the  particles  are  very  small.  The  saturation  mag¬ 
netization  <rs  was  found  from  a  linear  extrapolation  of  a  a  vs 
1 IH  graph.  High-temperature  curves  of  a  vs  H  show  a  kink 
at  low  held.  When  considered  with  the  nonsaturability,  this 
suggests  that  the  sample  consists  of  particles  of  two  different 
sizes,  a  superparamagnetic  and  a  ferromagnetic  fraction.  If 
we  subtract  the  ferromagnetic  fraction  of  magnetization  and 
replot  the  data  with  HIT,  the  three  curves  for  temperatures 
20,  60,  and  100  K  superimpose  as  shown  in  Fig.  2,  to  imply 
superparamagnetism. 

The  low-field  susceptibility  \  was  measured  as  a  func¬ 
tion  of  temperature  and  found  to  obey  the  Curie  Law 


where  /x  is  the  magnetic  moment  per  particle  and  k  is  Bolt¬ 
zmann’s  constant.  From  the  slope  of  '  vs  T  and  the  crs 
value,  /r  was  obtained.  The  mass  saturation  magnetization 
and  magnetic  moment  per  particle  are  listed  in  Table  I.  The 
saturation  magnetization  of  the  Co  particles  is  — 10%  smaller 
than  that  of  bulk  Co  (<rCo=  162.5  emu/ g).  From  <r„  ft,  and 
the  density  of  bulk  Co,  p=  8.9  g/cm3,  we  calculated  the  par¬ 
ticle  diameter  to  be  5.4  A.  We  also  cooled  the  sample  in  zero 
field,  then  measured  the  magnetization  at  50  Oe  while  warm¬ 
ing,  to  find  a  blocking  temperature  of  TB= 2±2  K.  If  we 
make  the  assumption  that  these  particles  have  the  bulk  an¬ 
isotropy  K =4.5  X 106  erg/cm3,  then  the  particle  volume 


Often  small  particles  have  order  of  magnitude  larger  anisot¬ 
ropy  than  the  bulk.7  If  this  were  the  case,  the  diameter  would 
be  7  A.  These  values  are  qualitatively  consistent  with  the 
moment  derived  size. 

The  size  calculated  from  the  magnetic  data  is  much 
smaller  than  that  measured  by  TEM.  One  possible  explana¬ 
tion  is  that  each  particle  in  the  TEM  pictures  may  consist  of 
several  5  A  particles  which  are  closely  packed  and  could  not 
be  resolved  by  our  TEM.  High-resolution  TEM  study  is  nec¬ 
essary  to  determine  if  the  substructure  exists.  Otherwise 
some  unexplained  and  perhaps  novel  magnetic  effect  may 
have  occurred. 

B.  Co  particles  prepared  from  the  DDAB/toluene 
system 

XRD  of  the  as-prepared  particles  from  the  DDAB/ 
toluene  system  showed  the  particles  were  metallic  cobalt. 
Note  that  the  products  prepared  from  both  systems  were  co¬ 
balt  instead  of  Co2B.  Previous  work5  in  nonmicelle  aqueous 
solutions  showed  the  product  of  the  reaction  to  be  Co2B 
under  anaerobic  conditions,  Co  if  in  air.  The  difference  might 
be  related  to  the  water  structure  in  the  water  pool  of  the 
micelle.  At  low  water  content,  water  molecules  bind  at  the 
micelle  interface  so  that  no  free  water  can  take  part  in  the 
reaction.  Pileni  et  al*  found  the  oxidation  states  of  copper 
metallic  cluster  changed  with  the  change  of  water  content  in 
the  micelles. 


looirm 


HA  (*  10  0*/K) 


FIG.  2.  Dependence  of  magnetization  with  the  ferromagnetic  fraction  re¬ 
moved  on  HIT  for  the  AOT  paste  sample  at  different  temperatures. 


FIG.  3.  TEM  photograph  of  the  cobalt  particles  made  in  the  DDAB  system 
with  [Co2+]=0.01  M. 
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FIG.  4.  Magnetization  as  a  function  of  applied  field  at  temperatures  7  Hi 
and  300  K  for  the  cobalt  patticles  made  in  the  DDAB  system  with 
[Co2*] =0.01  M. 


TEM  showed  that  as  we  changed  the  concentration  of 
Co2*  ions  from  0.005  to  0.0 1  M,  the  average  particle  size 
increased  from  7.5  to  13  nm.  An  example  TEM  micrograph 
is  given  in  Fig.  3.  Many  of  the  particles  appear  not  to  touch 
their  neighbors,  an  indication  of  their  thin  surfactant  coating. 

Magnetic  studies  were  carried  with  the  superconducting 
quantum  interference  device  (SQUID)  magnetometer.  After 
the  samples  were  cooled  in  zero  field,  the  magnetization  was 
measured  during  wanning.  No  obvious  phase  transition  was 
observed  from  10  to  350  K,  implying  the  blocking  tempera¬ 
ture  was  >350  K.  Hysteresis  curves  are  given  in  Fig.  4.  At 
T=  10  K,  both  samples  had  a  coercivity  of  several  hundred 
oersted.  At  room  temperature  there  was  no  coercivity,  but  the 
samples  were  saturated  with  an  applied  field  of  5000  Oe.  The 
reason  why  these  fenomagnetic  particles  were  so  soft  is  not 
clear  yet.  Saturation  magnetization  per  gram  Co  could  not  be 
measured  because  the  Co  concentration  of  these  samples 
could  not  be  determined.  All  the  data  are  given  in  Table  II. 

The  particle  sizes  were  quite  different  with  the  two  sur- 


TABLE  II  Summary  of  magnetic  data  for  the  cobalt  particles  made  in  the 
DDAB  system- 


(Co2’=) 

0.005  M 

0.01  M 

TEM  size 

7.5il  nm 

13±2  nm 

Hr  1300  K) 

0  Oe 

0  Oe 

Hc  (10  K) 

820  Oe 

55°  Oe 

T, 

>350  K 

>350  K 

factant  systems.  Particles  made  from  the  AOT  system  were 
extremely  small,  3  nm  or  smaller.  Whereas  the  particles 
made  from  the  DDAB  system  were  relatively  large,  around 
10  nm.  This  caused  the  particles  to  show  quite  different  mag¬ 
netic  behavior:  superparamagnetic  as  opposed  to  ferromag¬ 
netic. 

IV.  CONCLUSIONS 

We  have  made  Co  particles  in  both  the  H20/AOT/ 
isooctane  and  DDAB/toluene  microemulsion  systems.  We 
found  the  sizes  of  the  particles  to  be  quite  different,  which 
caused  the  different  magnetic  behavior.  At  room  temperature 
the  larger,  ferromagnetic  particles  were  very  soft.  The  mag¬ 
netic  moment  of  the  smaller  superparamagnetic  particles  did 
not  match  well  with  the  saturation  magnetization  and  TEM 
determined  particle  size  for  undetermined  reasons. 
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Carbon-coated  gadolinum  and  holmium  carbide  nanocrystallites  have  been  generated  using  a 
modification  of  the  Huffman-Kratschmer  carbon  arc  process.  Bulk  amounts  of  these  particles  were 
isolated  from  the  other  by-products  using  a  magnetic  field  gradient.  Transmission  electron 
microscopy  revealed  the  presence  of  10-50  nm  diameter  crystallites  coated  with  numerous  graphitic 
layers.  The  nanocrystallite  phases  were  identified  as  GdjC,  and  HojC,,  respectively,  by  x-ray  and 
electron  diffraction.  Magnetization  measurements  were  performed  using  a  superconducting  quantum 
interference  device  magnetometer  between  ±5  T  at  temperatures  ranging  from  4  to  200  K.  The 
magnetization  curves  were  shown  to  scale  as  a  function  of  HIT.  The  RE3*  sites  in  RE,C,  have  C, 
site  symmetry.  For  Gd,C,  the  universal  curve  was  fit  with  a  Brillouin  function  consistent  with  the 
Gd3*  free-ion  ground-state  values  of  7  =  7/2  and  g=2.  The  5I8  Ho3*  free-ion  ground  state  is  split, 
presumably  due  to  a  C,  symmetry  crystal  field.  Consequently,  for  Ho2C,  the  Ho3*  free-ion 
parameters  could  not  be  used  to  fit  the  experimental  data.  Empirical  fits  to  the  Brillouin  function 
yield  a  reduced  moment  of  7.5 /zg,  compared  to  the  free-ion  value  of  10.6/ig.  A  similarly  reduced 
moment  was  observed  in  holmium-containing  endohedra!  fullerenes. 


I.  INTRODUCTION 

A  new  area  of  fine  particle  magnetism  arose  when  it  was 
noted  that  carbon-coated  nanocrystallites  could  be  produced 
in  a  carbon  arc;1  subsequently  this  technique  was  applied  to 
the  generation  of  magnetic  nanocrystallites.3  Both  para-  and 
ferromagnetic  nanocrystallites  have  been  generated  by  this 
method;  preparation  details  are  discussed  elsewhere.2-4  Here 
we  describe  the  magnetic  behavior  of  the  cubic  rare-earth 
sesquicarbides,  Gd,C\  and  Ho,C,. 

These  nanocrystallites  are  one  of  several  compounds 
produced  in  a  modified  Huffman  Kratschmer  carbon  arc. 
One  of  the  graphite  electrodes  is  hollowed  out  and  packed 
with  a  mixture  of  metal  oxide  and  graphite  cement.  The  mag¬ 
netic  nanoparticles  are  separated  from  nonmagnetic  species 
by  a  magnetic  field  gr<  Jient.  Though  the  separation  from 
carbon  components  is  incomplete,  this  process  significantly 
enriches  the  magnetic  fraction.  The  isolated  black  powder 
contained  small  magnetic  nanocrystallites  encased  in  larger 
amorphous  carbon  particles.  A  small  amount  of  endohedra) 
RE  fullerenes  was  also  produced. 


11 Author  to  whom  correspondence  should  be  addressed. 


II.  STRUCTURAL  CHARACTERIZATION 

High-resolution  transmission  electron  microscopy 
(HRTEM)  revealed  faceted  nanocrystallites,  roughly  spheri¬ 
cal  and  10-50  nm  in  diameter.  Surrounding  each  nanopar¬ 
ticle  were  multiple  graphite  layers  with  the  characteristic 
spacing  of  0.34  nm  (Fig.  1).  Energy  dispersive  x-ray  fluores¬ 
cence  spectroscopy  (EDS)  indicated  the  presence  of  the  rare- 
earth  elements  only  within  the  nanocrystallites. 

X-ray  diffraction  scans  made  with  a  Rigaku  diffracto¬ 
meter  were  characterized  by  the  presence  of  large  graphitic 
peaks,  with  weaker,  broadened  peaks  indexed  to  the  rare- 
earth  sesquicarbide  phase,  RE2C3.  The  rare-earth  sesquicar¬ 
bides  are  cubic,  having  the  Y'd  143d  space  group  with  eight 
sesquicarbide  formula  units  per  unit  cell.5'6  Each  rare-earth 
ion  in  the  sesquicarbide  is  at  a  site  of  C,  symmetry  with  nine 
nearby  carbon  atoms  and  eleven  nearby  rare-earth  ions.7 
Since  the  background  contributions  to  x-ray  diffraction  in 
these  samples  were  large,  the  lattice  parameters  of  the  nano¬ 
crystallites  were  obtained  from  electron  microdiffraction 
(Fig.  2).  For  GdjC,  the  nanocrystallite  and  bulk  lattice  pa¬ 
rameters  are  0.8024  and  0.8330  nm,  respectively.3  Such  lat¬ 
tice  contractions  (3.7%)  have  been  associated  with  surface 
tension-induced  excess  strain  frequently  observed  in 
nanocrystallites.8'9 
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SHG.  3.  GdjCs  nanocrystallite  magnetization  icmii/g]  vs  HIT  for  data  sets 
collected  at  4,  S.  6,  7,  10.  and  100  K  exhibiting  a  characteristic  paramagnetic 
scaling  consistent  with  a  Gd1*  ground  state. 


FIG.  1.  Transmission  electron  micrograph  of  a  gadolinium  carbide  nano¬ 
crystallite  enclosed  by  several  curved  graphitic  sheets,  taken  with  a  JEOL 
4000  high-resolution  TEM. 


III.  MAGNETIZATION 

Magnetization  curves  were  obtained  at  temperatures  be¬ 
tween  4  and  300  K,  for  fields  between  ±5  T,  with  a  Quantum 
Design  superconducting  quantum  interference  device 
(SQUID)  magnetometer.  The  samples  were  unoriented  pow¬ 
ders  of  Gd,C,  and  Ho,C,  immobilized  in  epoxy. 

A.  Gd2C3 

For  Gd2C3  nanocrystallites  the  magnetization  data,  when 
scaled  as  a  function  of  HIT,  lie  on  a  universal  curve,  indi¬ 
cating  paramagnetic  behavior  (Fig.  3).  Though  bulk  gado¬ 
linium  metal  is  ferromagnetic,  with  a  Curie  temperature  of 
292  K,  we  detected  no  evidence  of  hysteresis.  The  magnetic 
behavior  of  bulk  Gd,C,  is  unknown,  but  bulk  GdC2  is  para¬ 
magnetic  with  a  moment  slightly  less  than  the  free-ion  value, 
and  with  an  antiferromagnetic  transition  at  42  K.10  fi- Gd,C  is 
ferromagnetic  at  room  temperature.11 

The  paramagnetic  magnetization  M  as  a  function  of  HIT 
was  fit  with  a  Brillouin  function,  Bj(x). 


M  =  ngJfiBBj(x),  (1) 

where 

Bj(x)  =  ( 27  +  1  A/  )coth((  27  +  1  )x/2J )  -  ( 1 12J  Icothl  x/2J). 

(2) 

Here  n  is  the  number  of  magnetic  atoms  per  unit  volume,  g 
is  the  Lande  g  factor,  J  is  the  total  angular  momentum,  yB  is 
the  Bohr  magneton,  and  x=gJfiBH/kT.  The  ground  elec¬ 
tronic  state  of  the  Gd3+  free  ion  is  sS7,2,  and  g=2.00  for  an 
S  state.  The  results  of  the  fit  to  the  magnetization  data  were 
7 =3.67  (^=0.000341)  using  the  theoretical  g  =  2.00  value, 
compared  with  the  theoretical  value  of  7  =  7/2. 

The  inverse  susceptibility,  l/(* -*(,),  for  the  Gd,C, 
nanocrystallites  is  plotted  versus  temperature  in  Fig.  4.  The 
values  of  the  Curie  temperature,  B=(-2.94±2.57)  K  and 
the  Curie  constant,  C=(0.113±0.025)xl0-2  emu  K/gOe 
(per  g  of  sample)  were  obtained  by  fitting  the  equation 

(*-*or'  =  (7"+e)/C.  (3) 

B-HOjCj 

The  magnetization  curves  of  carbon-coated  Ho,C3 
nanocrystallites  also  scale  with  HIT  (Fig.  5).  The  ground 
electronic  state  of  the  Ho,+  free  ion  is  g=1.25  and7=8. 
However,  the  best  empirical  fit  to  the  susceptibility  corre- 


T(K) 


FIG.  4.  Gd2C3  nanocrystallite  Curic-Weiss  fit  to  inverse  susceptibility  vs 
FIG.  2.  HoX3  electron  diffraction  intensity,  showing  main  reflections.  temperature  data  taken  in  a  5  T  fixed  field. 
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FIG.  5.  Ha.C,  nanocrystallite  magnetization  (ernulg)  vs  HIT  for  data  sets 
collected  at  4.  5.  6,  7,  10.  and  100  K.  along  with  an  empirical  fit  to  a 
Briltouin  function  using  the  Ho'  ’  free-ion  g  value  of  1.25. 


sponded  to  an  effective  magnetic  moment  magnitude  of 
g[i(J+  1)]i/2~7.5,  with  ^=0.00281  for  the  fit,  rather  than 
10.6  predicted  for  the  free  ion. 

The  neutron  diffraction  studies7  have  indicated  that  the 
value  of  the  projected  moment  gj  for  Ho3*  in  Ho^  corre¬ 
sponds  to  7.3±0.2  instead  of  the  free-ion  value  of  10.0.  The 
saturation  moment  was  essentially  independent  of  moment 
direction.  Detailed  calculations  of  the  crystal  field  splittings 
of  the  Ho3*  ions  in  the  H0X3  C3  site  symmetry  sites  are  in 
progress.  Group  theory  predicts  that  the  J  =8  state  will  split 
into  five  singlets  and  six  doublets.  The  latter  are  composed  of 
mirror  image  combinations  of  Mj  =  ± 8,  ±5,  ±2,  +1,  +4, 
+  7;  the  former  are  composed  of  combinations  of  Mj  =  ±  6, 
±3,  and  0. 

C.  Ho-containlng  fullernrtes 

The  carbon  arc  process  used  to  generate  the  H02C3 
nanocrystallites  also  produced  a  small  amount  of  endohedral 
fullerenes.  The  fullerenes  were  separated  from  the  nanocrys¬ 
tallites  by  extraction  in  carbon  disulfide  and  characterized  by 
mass  spectroscopy.  The  empty  fullerenes  were  most  abun¬ 
dant,  but  the  mass  peaks  corresponding  to  Ho  and  HoO  were 
at  background  levels,  so  the  magnetic  behavior  was  domi¬ 
nated  by  the  endohedral  components.  The  predominant  en¬ 
dohedral  species  were  identified  as  Cg2  clusters  containing 
one,  two,  and  three  holmium  atoms.  SQUID  magnetometry 
measurement  of  the  magnetization  revealed  a  similarly  re¬ 
duced  moment  (,(itB=6AlnB  with  ^=0.00514  for  the  fit), 
compared  to  a  Ho3*  free  ion  (Fig.  6).  For  Ho3*  a  Cg2  para¬ 
magnetism  would  be  associated  both  with  the  4/10  configu¬ 
ration  of  the  Ho3*  ion  and  with  the  electrons  transferred  to 
the  carbon  shell.  We  expect  the  holmium  ion  to  occupy  a  site 
of  C3  symmetry.  For  H03  a  the  details  of  the  paramag¬ 
netic  behavior  would  be  even  more  complex. 

IV.  CONCLUSIONS 

Magnetic  properties  of  carbon-coated  gadolinium  and 
holmium  sesquicarbide  nanocrystallites  have  been  investi¬ 


FIG.  6.  Fit  of  low -temperature  SQUID  magnetometer  data  (2,  3,  4,  and  3  K) 
for  a  sample  containing  holmium  endohedral  fullerenes.  In  this  fit  g  was 
fixed  at  the  Ho**  free-ion  value  of  1.25,  and  the  effective  moment  was 
found  to  be  6.41/if. 

gated  by  SQUID  magnetometry.  A  fit  of  the  HIT  scaled  data 
to  a  Briltouin  function  indicated  free  Gd3*  ion  *S7/2  ground- 
state  paramagnetic  behavior  in  Gd2C,  In  isostructural  HoiC, 
the  departure  from  free-ion  behavior  is  attributed  to  crystal 
field  splitting  of  the  highly  degenerate  Ho3*  5Ig  ground 
state. 
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Magnetic  properties  of  carbon-coated,  ferromagnetic  nano  particles 
produced  by  a  carbon-arc  method 

E.  M.  Brunsman,  R.  Sutton,  E.  Bortz,  S.  Kirkpatrick,  K.  Midetfort,  J.  Williams,  P.  Smith, 

M.  E.  McHenry,  S.  A.  Majetich,  J.  O.  Altman,  M.  De  Graef,  and  S.  W.  Staley 

Carnegie  Mellon  University,  Pittsburgh,  Pennsylvania  15213-3890 

The  Kratschmer-Huffman  carbon-arc  method  of  preparing  fullerenes  has  been  used  to  generate 
carbon-coated  transition  metal  (TM)  and  TM -carbide  nanocrystallites.  The  magnetic 
nanocrystallites  were  extracted  from  the  soot  with  a  magnetic  gradient  held  technique.  For  TM =Co 
the  majority  of  nanocrystals  exist  as  nominally  spherical  particles,  O.S-S  nm  in  radius.  Hysteretic 
and  temperature-dependent  magnetic  response,  in  randomly  and  magnetically  aligned  powder 
samples  frozen  in  epoxy,  correspond  to  fine  particle  magnetism  associated  with  monodomain  TM 
particles.  The  magnetization  exhibits  a  unique  functional  dependence  on  H IT,  and  hysteresis  below 
a  blocking  temperature  Ta.  Below  Ts,  the  temperature  dependence  of  the  coercivity  can  be 
expressed  as  Hc=Hc0[l-(TITB)tl2],  where  He0  is  the  0  K  coercivity. 


I.  INTRODUCTION 

We  report  here  on  the  synthesis  and  separation  of 
carbon-coated  ferromagnetic  transition  metal  (TM)  and  TM- 
carbide  nanocrystallites. 1  These  were  produced  by  the 
Kratschmer  ei  at }  carbon-arc  process  commonly  used  to 
synthesize  fullerenes.3  Endohedrally  doped4  fullerenes  have 
been  produced  by  modifying  the  carbon  electrodes.  It  was 
subsequently  found  that  carbon-coated  metal  or  metal  car¬ 
bide  nanocrystallites  could  also  be  generated  with  these 
modified  electrodes.  The  first  of  these  nanoparticies  to  be 
produced  was  LaC2.5'6  We  have  recently  described  the  prepa¬ 
ration  of  rare-earth  carbide  nanocrystallites7  and  their  isola¬ 
tion. 

The  magnetic  particles  produced  by  our  carbon-arc  pro¬ 
cess  are  predominately  monodomain.  These  nanocrystallites 
are  of  potential  interest  for  applications  for  which  ferromag¬ 
netic  iron  oxide  particles  are  currently  used,  i.e.,  in  data  stor¬ 
age,  for  toner  in  xerography,  in  ferrofluids,  and  as  contrast 
agents  in  magnetic  resonance  imaging.  The  carbon  coating 
provides  an  effective  oxidation  barrier.  We  describe  magnetic 
measurements  on  carbon-coated  TM  nanocrystals  which 
have  revealed  interesting  manifestations  of  fine  particle  mag¬ 
netism,  including  superparamagnetic  response.  Our  data  pro¬ 
vide  the  first  link  between  fullerene-related  nanocrystals  and 
fine  particle  magnetism  with  the  aim  of  producing  materials 
interesting  for  magnetic  applications. 

II.  EXPERIMENTAL 

Graphite  rods  (0.25  in.  diam)  were  drilled  and  packed 
with  a  mixture  of  transition  metal  oxide  (TM=Fe,  Co,  and 
Ni)  powder  and  a  combination  of  graphite  powder  and 
graphite  cement  and  baked  to  drive  off  water  vapor  and  to 
cure  the  graphite  cement.  Our  starting  materials  had  an 
—0.04  TM/C  molar  ratio,  consistent  the  LaCj  preparation 
scheme.5-6  These  rods  were  set  in  the  upper  electrode  posi¬ 
tion  of  a  dc  carbon  arc,  with  a  disc-shaped  graphite  anode.1 
Rods  were  consumed  under  100  A,  30  V  arc  conditions,  in 
125  Ton-  of  He.  In  general,  a  metal  oxide,  MexOy ,  is  reduced 
in  the  plasma  arc  according  to  the  reaction 

MexOy+yC**xMe+yCO,  (1) 


which  is  favored  at  the  high  plasma  temperature.  The  nature 
of  the  carbide  or  supersaturated  metal  present  in  the  soot 
depends  on  the  metal/carbon  phase  diagram.  The  raw  soot  is 
ground  to  a  fine,  /un-sized  powder  and  passed  through  a 
magnetic  field  gradient  to  separate  the  magnetic  from  the 
nonmagnetic  species.  The  shear  action  of  the  grinding  pro¬ 
cess  has  not  been  seen  to  damage  the  nanoparticies.  A  ferro¬ 
magnetic  particle,  with  magnetization  M,  sees  a  force: 

Fm  =  (MV)H.  (2) 

In  the  first  pass  through  the  separator  95%  by  volume  of 
TM-containing  soot  was  retrieved;  however,  only  a  small 
fraction  of  this  magnetically  responding  powder  is  ferromag¬ 
netic.  Thus  it  appears  that  this  “magnetic"  powder  contains 
ferromagnetic  TM  nanocrystallites  embedded  in  larger  car¬ 
bon  particles.  Small  amounts  of  fullerenes,  including  en- 
dohedral  species,  are  also  present.  The  nonmagnetic  soot 
contains  amorphous  carbon,  graphitic  nanoparticies,  and 
empty  fullerenes.  Most  of  the  fullerenes  were  removed  by 
extraction  in  carbon  disulfide.8  We  have  produced  Fe  (car¬ 
bide),  Co,  and  Ni  nanocrystals  by  this  procedure. 

The  structure  and  morphology  of  the  magnetic  powder 
were  examined  by  x-ray  diffraction  and  electron  microscopy. 
X-ray  diffraction  revealed  the  fee  rather  than  hep  cobalt 
phase,  typical  of  fine  particles.  Energy  dispersive  x-ray  fluo¬ 
rescence  spectroscopy  (EDS)  indicates  the  transition  metal  to 
be  uniformly  distributed.  Scanning  electron  microscopy 
(SEM)  reveals  submicron-sized  nominally  spherical  par¬ 
ticles.  Closer  inspection  was  made  with  a  JEOL  4000,  400 
keV,  high-resolution  transmission  electron  microscope 
(HRTEM).  The  0.5-5  nm  range  of  radii  observed  for  the 
encapsulated  Co  is  about  a  fifth  of  the  5-25  nm  range  pre¬ 
viously  observed  for  Gd2C3  nanocrystallites.  Our  particle 
sizes  are  roughly  equivalent  to  those  observed  by  Bethune 
el  al.9  but  without  the  spider  web-like  morphology  of  catbon 
nanotubes  reported  in  their  paper. 

Magnetization  data  for  the  TM  nanocrystallite  powder 
samples  have  been  obtained  with  a  Quantum  Design  super¬ 
conducting  quantum  interference  device  (SQUID)  magneto¬ 
meter.  Powders  containing  nanocrystallites  were  stabilized 
by  epoxy.  Samples  containing  randomly  aligned  particles  and 
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FIG.  I.  Magnetization  data  plotted  as  a  function  of  HIT  at  temperatures  of 
5,  10,  15,  20,  25,  50,  100,  and  200  K  for  randomly  oriented  nanocrystalline 
Co JC  particles  immobilized  by  epoxy. 


those  aligned  in  the  field  provided  by  a  pair  of  FeNdB  per¬ 
manent  magnets  were  prepared  for  observation.  M(H,T) 
then  was  determined  in  solenoidal  fields  between  ±5  T  at 
temperatures  ranging  from  4  to  300  K. 

III.  RESULTS  AND  DISCUSSION 

We  have  synthesized  nanocrystalline  Gd2Cj  (Ref.  7)  and 
Ho2C3  paramagnets  and  nanocrystalline  Fe,  Co,1  and  Ni  fer- 
romagnets.  The  ferromagnets  display  textbook  superpara- 
magnetic  response.10'12  The  hysteretic  and  temperature- 
dependent  magnetization,  in  randomly  and  magnetically 
aligned  powder  samples  frozen  in  epoxy,  are  characteristic  of 
fine  particle  magnetism.  As  an  example,  we  illustrate  the 
behavior  of  monodomain  Co  particles.  Magnetization  data 
for  the  randomly  aligned  nanocrystalline  Co/C  particles  are 
plotted  versus  HIT  in  Fig.  1.  Data  were  taken  at  eight  tem¬ 
peratures  covering  the  range  between  5  and  200  K.  In  Fig. 
2(a)  an  expanded  view  of  the  5  K  curve  is  shown.  In  Fig. 
2(b)  the  corresponding  plot  for  the  magnetically  aligned 
specimen  is  given.  Hysteresis  is  present  in  both  . 

The  coercivity  Hc  present  at  the  low  temperatures  was 
plotted  versus  T  and  fit  to  the  expression 

Hc=Hc0[l-(T/Tg)m].  (3) 


RG.  2.  Low  field  magnetization  curves  at  S  K  for  Co/C  particles  (a)  ran¬ 
domly  oriented  and  (b)  magnetically  aligned. 


erage  particle  volume.  Assigning  the  bulk  value  to  Ms  we 
can  infer  a  particle  volume  from  the  Langevin  fit.  Also  coer- 
civity  data  exists  for  elemental  and  other  common  magnets 
as  a  function  of  size. 13  Comparison  of  our  magnetically  de¬ 
termined  coercivities  Hc  with  these  data  offers  another  way 
of  estimating  mean  particle  radius.  Finally,  the  blocking  tem¬ 
perature  Tg  also  offers  information  as  to  the  magnetic  par¬ 
ticle  size.  Tg  is  the  temperature  at  which  metastable  hyster¬ 
etic  response  is  lost  for  a  particular  experimental  time  frame. 


See  Fig.  3.  The  intrinsic  Hc0  was  determined  to  be  ~450  Oe 
and  the  blocking  temperature  Tg ,  to  be  —160  K.  Note  that 
the  coercivity  data  for  both  aligned  and  randomly  oriented 
specimens  lie  on  the  same  curve. 

Direct  observation  of  particles  by  TEM  gives  a  sense  of 
the  distribution  of  particle  sizes.  These  particle  sizes  can  then 
be  compared  with  those  inferred  independently  from  other 
types  of  magnetic  measurements.  The  scaled  magnetization 
data  (e.g..  Fig.  1)  can  be  fit  to  a  Langevin  function  L  using 
the  relation 


M 

Ml 


1 

=I(a)=coth(a) —  , 
a 


(4) 


where  Ma  is  the  0  K  saturation  magnetization  and  a  =  fiHI 
kT.  The  effective  moment  fi  is  given  by  the  product  M,(V), 
where  M,  is  the  saturation  magnetization  and  (V)  is  the  av- 


VT(Vn> 


FIG.  3.  Hc(T )  vs  >Jf  for  aligned  and  unaligned  GVC  particles.  The  block¬ 
ing  temperature,  Tg,  is  — 160  K. 
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TABLE  1.  Anisotropy,  cocrciviiy,  and  moment  data  for  certain  nanocrystal- 
lites. 


Crystalline  anisotropy 
energy  (Kt > 

(105  ergs/cm'l 

Blocking 

temp. 

FB(K) 

Coercivity 
Hc(i  lOe) 

Cluster 

moment 
(103  ja,> 

Co 

-2 r  (4  K) 

160 

450 

11 

Fe 

5.7“  (77  K) 

80 

350 

10 

Ni 

-6C  1 100  K) 

150 

260 

25 

y-Fe.O, 

-0.464  ( RTI 

80 

370 

6.7 

'References  15,  16. 
“Reference  17. 
'Reference  18. 
'‘Reference  19. 


Below  T„ ,  hysteretic  response  is  observed  since  thermal  ac¬ 
tivation  is  insufficient  to  allow  the  alignment  of  particle  mo¬ 
ments  with  the  applied  field  in  the  time  scale  of  the  measure¬ 
ment.  For  spherical  particles  the  rotational  energy  barrier  lo 
alignment  is  given  by  the  magnetocrystalline  anisotropy  en- 
ergy  per  unit  volume  K  multiplied  by  the  particle  volume  V. 
For  hysteresis  loops  taken  over  —  1  h,  the  blocking  tempera¬ 
ture  should  roughly  satisfy  the  relationship: 


The  factor  of  30  represents  Inf  tog/to),  where  to  is  the  inverse 
of  the  experimental  time  (-10  4  Hz)  and  <•)„  an  attempt  fre¬ 
quency  (-1  GHz).  If  K  can  be  estimated  (i.e„  from  bulk 
values)  and  the  value  of  Tg  determined  then  the  mean  par¬ 
ticle  volume  can  be  estimated.  The  error  in  TB  was  ±30  K, 
yielding  a  particle  radius  of  (4.1 1  ±0.33)  X 10  '7  cm  for  co¬ 
balt.  Radii  determined  this  way  were  larger  than  estimated  by 
other  methods,  suggesting  an  anisotropy  greater  than  bulk  . 

We  have  characterized  fine  particle  magnetism  in  Fe[car- 
bide],  Co,  and  Ni  nanocrystals  produced  by  the  Kratschmer 
arc  process.  For  comparison  we  also  have  made  similar  mea¬ 
surements  on  nanocrystalline  y-Fe20,  nanocrystals'4  of  a 
similar  size,  produced  by  a  matrix-mediated  synthesis  route 
and  provided  by  Xerox  Corporation.  In  Table  I  we  summa¬ 
rize  the  bulk  K  values  for  each  of  these  materials  as  well  as 
values  of  Tg  and  Hc0  determined  from  fits  to  Hc  [Eq.  (3)]. 
We  also  include  the  cluster  moment  (i  as  determined  Eq.  (4). 
In  Table  II  we  summarize  the  mean-particle  radius  for  our 
nanocrystalline  samples  as  inferred  from  the  Langevin  func¬ 
tion  fits,  T B  data  analysis  and  comparison  with  previous  co- 
ercivity  measurements  in  fine  particle  magnets.  Wherever 


TABLE  II.  Nanocrystaliite  particle  radii  (in  nml  determined  by  various 
methods. 


Langevin  fit 

Blocking  temp. 

Coercivity  ( 10) 

TEM  analysis 

a-Co 

2.5 

3.9 

1.5-2 

0.5-5 

Fe  carbide 

23 

5.2 

1-2 

Ni 

4.7 

6.0 

rFcjOj 

3.3 

12 

3.25-5.25 

possible  these  are  compared  with  TEM  observations  of  the 
particle  size  distribution.  In  most  cases  these  are  seen  to  be  in 
excellent  agreement.  The  discrepancy  between  radii  deter¬ 
mined  by  TB  analysis  for  y-Fe,03  suggests  a  smaller  anisot¬ 
ropy  constant  but  not  by  several  orders  of  magnitude  as  has 
been  previously  suggested.2*1 

IV.  CONCLUSIONS 

The  Kratschmer-Huffman  carbon-arc  method  has  been 
used  to  generate  carbon-coated  TM  and  TM-carbide  nanoc¬ 
rystallites.  These  were  collected  by  magnetic  gradient  sepa¬ 
ration.  Particles  have  a  spherical  morphology  with  an 
—0.5-5  nm  radius  (for  Co)  from  TEM.  These  monodomain 
particles  exhibit  superparamagnetic  response  with  hysteresis 
only  at  temperatures  T<Tb .  Analysis  of  the  Tg  data,  as  well 
as  the  Langevin  fits,  allows  calculation  of  mean-particle  radii 
for  superparamagnetic  particles.  The  radii  so  calculated  are 
in  agreement  with  TEM  observations  and  with  prior  mea¬ 
surements  of  fine  particle  magnetism  in  TM  particles. 
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The  structural  and  magnetic  properties  of  evaporated  ultrafine  Fe-Pd  particles  have  been  studied 
near  the  equiatomic  composition.  Particles  with  an  average  size  in  the  range  of  65-360  A  were 
obtained  with  the  argon  pressure  varied  between  0.5-40  Torr.  All  of  the  as-made  particles  had  a  face 
centered  cubic  (fee)  structure  and  they  were  magnetically  soft.  A  fee  to  face  centered  tetragonal  (fet) 
phase  transformation  was  observed  after  annealing  the  powders  at  500  °C  resulting  in 
room-temperature  coercivities  up  to  3.6  kOe  and  a  magnetization  (at  55  kOe)  around  95  emu/g.  An 
enhanced  magnetic  moment  of  about  3.0 pB  per  atom  was  found  for  Fe. 


I.  INTRODUCTION 

Fe-Pd  alloys  have  been  of  special  scientific  interest  be¬ 
cause  the  Fe  atoms  induce  a  large  host  polarization  leading  to 
an  overall  enhancement  in  the  magnetic  moment.'-2  Accord¬ 
ing  to  the  equilibrium  phase  diagram  of  Fe,  ,Pd,  alloys.3 
below  1000  °C  an  Fe-rich  bcc  phase  is  expected  for  0<x 
<0.2,  a  bcc-fcc  mixed  phase  for  0.2<x<0.45,  and  an  fee 
phase  for  x>0.45.  There  are  two  ordered-disordered  phase 
transformations  in  these  alloys;  one  to  the  FePd  face  centered 
tetragonal  (fet)  phase  near  the  50%  Pd  composition  and  an¬ 
other  to  FePd3  face  centered  cubic  (fee)  phase  in  the  range  of 
62.8%-74.4%  Pd.  The  ordered  fet  phase  is  a  hard  magnetic 
phase  because  of  its  high  anisotropy.4  In  Fe-Pd  thin  films  no 
superlattice  structure  was  detected  for  the  concentration  re¬ 
gions  around  50%  Pd  and  75%  Pd.5 

Magnetic  ultrafine  particles  in  the  nanometer  scale  pre¬ 
pared  by  evaporation  are  very  easy  to  bum  and  need  a  pro¬ 
tective  coating  to  resist  oxidation  when  exposed  to  the  am¬ 
bient.  The  magnetic  properties  of  ultrafine  particles  are 
mainly  influenced  by  the  size  of  the  particles  and  by  the 
surface  layer  of  the  properties.6,7 

In  this  paper  we  studied  the  size  effects  on  the  magnetic 
and  structural  properties  of  Fe-Pd  ultrafine  particles  with 
both  the  fee  and  fet  structures. 

II.  EXPERIMENTAL  METHODS 

Bulk  Fe-Pd  alloys  were  made  by  arc-melting  high-purity 
Fe  and  Pd  metals  in  an  argon  atmosphere.  Ultrafine  Fe-Pd 
particles  (UFP)  were  produced  by  gas  evaporation  and  con¬ 
densation  of  a  piece  of  bulk  Fe,00_,Pd,  in  an  argon  atmo¬ 
sphere.  A  tungsten  crucible  was  used  as  the  heating  element. 
Control  of  the  particle  size  was  obtained  by  varying  the  ar¬ 
gon  pressure  from  0.5  to  40  Torr  during  evaporation.  The 
particles  were  passivated  with  an  Ar/air  mixture  before  they 
were  taken  out  from  the  evaporation  chamber.  Then  they 
were  annealed  under  vacuum  (10-5  Torr)  at  temperatures  in 
the  range  of  400-800  °C. 

The  composition  of  the  particles  was  determined  by  ICP 
spectroscopy.  The  magnetic  properties  were  measured  by  a 
superconducting  quantum  interference  device  (SQUID)  and 


vibrating  sample  magnetometer  (VSM)  with  applied  fields 
up  to  55  kOe.  The  particle  structure  and  morphology  were 
examined  by  x-ray  diffraction  (XRD)  and  transmission  elec¬ 
tron  microscopy  (TEM). 

III.  RESULTS  AND  DISCUSSION 

The  average  particle  size  £>  was  found  to  depend  on  the 
argon  gas  pressure  during  evaporation,  increasing  monotoni- 
cally  with  increasing  argon  pressure.  Because  of  the  different 
vapor  pressures  of  iron  and  palladium  the  particle  composi¬ 
tion  was  found  to  be  slightly  dependent  on  the  evaporation 
pressure  (Table  I),  with  a  lower  Fe  content  obtained  at  higher 
Ar  pressure.  The  Fe  content  of  evaporated  powders  was  in 
the  range  of  44-51  at  %  when  a  master  ingot  of  Fe45Pd55 
was  used. 

X-ray  diffraction  patterns  showed  that  all  the  as-made 
particles  have  a  face  centered  cubic  (fee)  structure  [Fig. 
1(a)].  With  increasing  Ar  pressure  the  (111)  diffraction  peak 
is  shifted  to  smaller  angles  indicating  an  increase  in  the  lat¬ 
tice  parameters  (Table  II).  This  change  of  lattice  parameter  is 
the  result  of  a  composition  change,  where  a  larger  lattice 
parameter  means  a  higher  percentage  of  palladium.  However, 
ICP  composition  analysis  data  showed  a  lower  Pd  percentage 
in  the  smaller  particles.  These  contradictory  results  are  due  to 
the  fact  that  the  ICP  composition  analysis  data  represent  the 
entire  particle  composition  while  the  x-ray  diffraction  shows 
only  the  structure  of  the  fee  Fe-Pd  major  phase.  We  believe 
that  a  small  amount  of  Fe-O  forms  on  the  particle  surface 
leaving  an  Fe-Pd  core  with  an  Fe  content  below  the  equi¬ 
atomic  composition.  The  smaller  particles  have  a  larger  sur¬ 
face  area,  which  results  in  an  inhomogeneous  FePd  compo¬ 
sition  distribution. 


TABLE  I.  Composition  as  a  function  of  Fe-Pd  particle  size. 


Composition 

Average  particle  si2e  (A) 

Ingot 

65 

135 

230 

360 

Fe4!Pd„ 

^*471 

N«, 

MjOJ 

M55.8 
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FIG.  1.  X-ray  diffraction  patterns  in  Fe-Pd  particles. 


FIG.  2.  Fe-Pd  particle  morphology,  (a)  as-made,  (b)  annealed. 


The  x-ray  diffraction  peaks  were  weak  and  broad  in  the 
as-made  samples  and  sharp  in  the  annealed  samples.  The 
sharper  peaks  indicate  larger  particles.  TEM  pictures  showed 
that  the  particle  size  is  consistent  with  the  x-ray  diffraction 
results.  The  as-made  spherical  particles  had  an  average  size 
in  the  range  of  65-360  A  corresponding  to  an  Ar  pressure 
between  0.5-40  Torr.  After  heat  treatment  the  average  par¬ 
ticle  size  increased  to  115-430  A.  The  heat  treatment  also 
led  to  sintering  of  the  smaller  particles  (Fig.  2). 

The  fee  to  face  centered  tetragonal  (fet)  phase  transfor¬ 
mation  was  observed  in  the  larger  particles  after  a  suitable 
heat  treatment.  X-ray  diffraction  patterns  showed  clearly  the 
superlattice  reflections  of  fet  (002),  (202),  [Fig.  1(b)],  with  a 
trace  of  Fe304  present  in  the  particles.  The  Fe304  x-ray  dif- 


TABLE  n.  Lattice  parameters  of  Fe-Pd  particles. 


Composition 

Particle 

Lattice 

of 

size 

parameter 

Composition 

master  ingot 

(A) 

a  (A) 

Fe  (at  %) 

360 

3.822 

44.2 

310 

3.810 

230 

3.806 

47.8 

180 

3.806 

135 

3.804 

49.7 

90 

3.852 

65 

3.881 

51.6 

F'sjW,, 

90 

3.805 

52.5 

75 

3.801 

59.14 

fraction  peaks  are  stronger  in  the  annealed  smaller  particles 
[Fig.  1(c)]  indicating  an  increase  in  both  the  amount  and 
grain  size  of  the  oxides.  No  phase  transformation  was  ob¬ 
served  in  the  as-made  particles  with  a  size  below  100  A.  This 
result  is  consistent  with  the  core-shell  morphology  picture 
where  the  composition  of  the  Fe-Pd  core  in  the  smaller  par¬ 
ticles  deviates  from  the  equiatomic  range.  In  order  to  obtain 
equiatomic  FePd  core  in  the  smaller  particles  the  composi¬ 
tion  of  the  master  alloy  had  to  be  shifted  toward  the  Fe-rich 
range.  Table  11(b)  shows  the  lattice  parameters  of  the  smaller 
particles  with  a  size  below  100  A.  An  attempt  was  made  to 
eliminate  the  surface  oxidation  by  sandwiching  the  smaller 
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FIG.  3.  X-ray  diffraction  pattern  of  Ag/FePd/Ag  sandwiched  particles 
(80  A).  The  Al  peaks  come  from  the  AJ  foil  substrate. 
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FIG.  4.  Magnetic  properties  of  as-made  Fe-Pd  particles,  ( — )  nominal 
Fe45Pd« ,  ( •  )  with  adjusted  composition. 


particles  between  two  Ag  thin  films.  After  annealing,  the 
sandwiched  FePd  particles  with  80  A  size  show  the  fet  phase 
when  an  Fe4jPd;s  master  alloy  was  used  (Fig.  3).  This  evi¬ 
dence  supports  the  predicted  particle  morphology  which  in¬ 
fluences  the  structural  properties. 

The  magnetization  of  the  as-made  particles  was  found  to 
be  highly  dependent  on  particle  size  (Fig.  4).  The  magneti¬ 
zation  increases  with  particle  size  to  the  maximum  value  of 
100  emu/g  obtained  in  a  sample  with  a  size  around  300  A. 
The  decrease  in  magnetization  observed  in  the  larger  par¬ 
ticles  is  due  to  a  change  in  particle  composition  towards 
higher  Pd  content.  The  lower  magnetization  of  smaller  par¬ 
ticles  in  the  nominal  Fe4,Pd55  (solid  line)  and  adjusted  * 
composition  samples  (dashed  line)  is  probably  due  to  both 
surface  oxidation  and  the  Pd-rich  core  phase  effects.  The 
magnetization  of  annealed  samples  does  not  show  much  de¬ 
pendence  on  particle  size  (Fig.  3),  and  its  value  is  close  to 
that  of  Fe-Pd  thin  films.5 

In  fine  Fe-Pd  particles  with  both  the  fee  and  fet  phases, 
the  magnetization  value  per  Fe  is  obviously  higher  than  220 
emu/g.  Table  III  shows  the  magnetic  moment  of  the  samples. 
The  samples  with  the  asterisk  {*)  are  those  prepared  from 
Fe-rich-Pd  alloys.  The  moments  decrease  with  decreasing 
particle  size.  The  magnetization  of  the  larger  particles  is 


FIG.  5.  Magnetic  properties  of  annealed  Fe-Pd  particles  (fet). 


TABLE  111.  Magnetic  moment  of  annealed  Fe-Pd  panicles  (let)  at  10  1C. 


As-made 
size  (A) 

Fe 

(at%> 

K  (erg/cnr  1 
x  10  b 

Me  iFe) 
as-made 

Me  (fe) 
HT 

360 

44.2 

2.3 

2.97 

2.86 

230 

47.8 

3.65 

2.68 

3.08 

135 

49.7 

2.59 

1.87 

2.58 

*»* 

52.5 

196 

2.26 

2.32 

75* 

59.14 

1.69 

1.46 

1  88 

close  to  that  of  bull:  samples.8  The  moments  are  slightly 
different  in  the  annealed  samples  and  this  is  probably  due  to 
differences  in  the  magnetization  values  of  the  fee  and  fet 
phases  and  to  a  different  Fe-0  content  in  the  samples. 

The  as-made  powders  had  a  coercivity  in  the  range  of 
0-500  Oe  which  was  dependent  on  particle  size.  The  coer¬ 
civity  in  the  65-90  A  particles  was  zero  at  room  tempera¬ 
ture,  and  increased  with  particle  size  reaching  a  maximum 
value  of  500  Oe  around  230  A  particles,  and  then  it  de¬ 
creased  again  in  larger  particl  s.  A  different  behavior  has 
been  observed  at  10  K  for  particles  with  size  below  200  A 
The  largest  coercivity  has  been  obtained  in  the  75  A  particles 
and  this  behavior  is  similar  to  that  of  Fe/FeO  and  Fe-Cr 
particles  and  is  believed  to  be  the  result  of  the  FePd  core/ 
Fe-0  shell  particle  morphology.  After  annealing,  the  samples 
with  the  fet  structure  had  much  higher  coercivities  (Fig.  5) 
with  a  maximum  coercivity  3.56  kOe  at  295  K  correspond¬ 
ing  to  a  particle  size  around  280  A.  The  behavior  of  the 
coercivity  as  a  function  of  size  is  similar  to  that  of  as-made 
powders.  The  estimated  single  domain  particle  size  for  equi- 
atomic  FePd  is  about  350  A. 

IV.  SUMMARY 

In  the  larger  Fe-Pd  particles  the  magnetic  moments  and 
the  phase  transformation  behavior  are  close  to  those  of  bulk. 
The  magnetization  and  coercivity  of  these  particles  are 
mainly  governed  by  the  FePd  core  phase  (both  fee  and  fet). 
In  the  smaller  particles,  however,  a  larger  lattice  parameter 
and  a  trace  of  Fe}04  indicate  a  particle  morphology  with  an 
Fe-Pd-rich  core  surrounded  by  an  Fe-O  shell  which  we  be¬ 
lieve  affects  the  fee  to  fet  phase  transformation  and  the  mag¬ 
netization  of  the  particles. 
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Fine  structure  and  magnetic  properties  of  Mn-  and  Co-doped  nanocrystalline 
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High  resolution  TEM  (HRTEM),  Mossbauer  spectroscopy  and  SQUID  magnetometry  were  utilized 
to  study  the  fine  structure  of  equiaxed,  Mn-  and  Co-doped  yFe20,  nanocrystals  with  a  particle  size 
of  30-50  tun.  The  allocation  of  cation  distribution,  based  on  a  redox  mechanism  and  known  cation 
site  preferences  is  (Mn^3,Feu^)[MnJ|nMn^3tCoQ^Fe3230()2o30i'  in  which  □  is  tne  vacancy,  (■  •) 
is  the  A  site,  and  [•  •]  is  the  B  site.  This  leads  to  an  Fe  occupancy  ratio  of  B  sites  to  A  sites  of  1.38, 
as  verified  by  Mossbauer  spectroscopy.  The  calculated  saturation  magnetic  moment  of  2.99ptB/MF 
is  very  close  to  the  measured  2.Mp.s/MF.  HRTEM  micrographs  of  the  air-cooled  nanocrystals  fits 
well  with  the  simulated  lattice  images  using  the  proposed  cation  distribution  (without  directional 
ordering).  While  the  HRTEM  micrograph  of  the  core  of  an  annealed  nanocrystal  are  not  in  good 
agreement.  This  is  thought  to  arise  from  directional  ordering  inside  the  annealed  particles. 


INTRODUCTION 

Acicular  y-Fe203,  Cr02  with  or  without  surface  Co  coat¬ 
ing  are  ferrimagnetic  or  ferromagnetic  nanoparticles  well 
known  as  traditional  magnetic  recording  media.1  They  owe 
their  coercivity,  200-800  Oe,  to  shape  anisotropy.  Recently, 
high  coercivity  (1300-2150  Oe),  equiaxed  nanocrystalline 
(30-80  nm)  y-Fe203  particles  doped  with  Mn  and  Co  were 
reported  to  be  obtainable  by  coprecipitation  from  an  aqueous 
solution  and  heat  treatments.2  4 

The  reason  why  the  coercivity  is  much  improved  by  the 
Mn  and  Co  doping  is  speculated  to  arise  from  directional 
ordering.2  5  The  mechanism  of  the  annealing  and  the  role  of 
Mn  are  thought  to  facilitate  the  migration  of  Co  ions  to  a 
directional  ordering  manner.  Tailhades  et  al.  proposed  a  cat¬ 
ion  site  occupancies  by  a  reduction-oxidation  (redox)  model 
at  different  oxidation  temperatures  for  Mn-  and  Co-doped 
acicular  y-Fe203  particles  with  coercivity  of  up  to  1800  Oe.3 
There  are,  however,  no  studies  on  the  equiaxed  ones  and  no 
exploration  on  the  directional  ordering.  These  were  the  pur¬ 
poses  of  this  study. 


EXPERIMENTAL 

The  nanocrystalline  particles  were  prepared  by  copre¬ 
cipitation  from  an  aqueous  solution,  containing  11.8  at.  % 
Co2+,  14.7  at.  %  Mn2+  and  73.5  at.  %  Fe2*,  by  triethylamine 
and  heat  treatments,  which  included  calcination  (to 
ar-Fe203),  reduction  (tc  Fe304)  and  oxidation  (to  y-Fe203) 
then  air  cooling,  or  with  further  step  annealings.2,4 

Magnetic  properties  of  the  particulates  were  either  mea¬ 
sured  by  a  VSM  (maximum  field  2  T)  at  room  temperature  or 
a  SQUID  (maximum  field  4  T)  from  10  K  to  200  K.  The 
lattice  images  of  the  particles  were  obtained  by  a  Jeol 
4000CX  400  kV  HRTEM.  Mossbauer  spectra  were  obtained 
with  a  y-ray  source  of  Co57. 


RESULTS  AND  DISCUSSION 

The  air-cooled  y-(Fe,  Mn,  Co)203  (11.8  at.  %  Co,  14.7 
at.  %  Mn)  particles  are  equiaxed  with  a  size  of  30-80  nm 
(average  50  nm),  and  have  a  coercivity  of  1380  Oe,  a  room 
temperature  saturation  magnetization  of  71.1  emu/g  and  re¬ 
sidual  magnetization  of  50.0  emu/g.2  It  is  identified  to  be  a 
pure  spinel  stru-ture  of  which  the  lattice  constant  equal  to 
0.8353  nm  from  XRD  analysis. 

There  are  a  great  variety  of  possibilities  of  the  cation 
distribution  due  to  the  oxidation  extent  of  the  species  in 
y-(Fe,Mn,Co)203,  oxidizing  from  MnrCo),Fe3_I_)04  (their 
corresponding  magnetite  precursors)  and,  in  turn,  depend 
upon  oxidation  temperature  and  oxidation  time.  Trials  to 
solve  exactly  the  true  site  occupancies  is  hardly  possible. 
However,  several  rules  of  site  preferences  for  Fe,  Co,  and 
Mn  ions,  respectively,  in  magnetite  has  been  worked  out  by 
Hastings  and  Corliss:6  (1)  80%  Mn*2  occupies  site  A  while 
20%  Mn*2  at  site  B  as  determined  by  neutron  diffraction;  (2) 
electron  exchange  appears  between  Mn*2  and  Fe*3,  thus 
Mn*3  and  Fe*2  exist  at  site  B;  (3)  Co*3  is  destabilized  in  the 
presence  of  Fe*2,  and  it  tends  to  be  reduced  to  Co*2. 

Following  the  above  criteria  one  knows  that  Mn*3, 
Co*2,  and  Fe*2  tend  to  occupy  sites  B,  while  Mn*2,  Mn*4, 
and  Fe*3  may  occupy  either  sites  A  or  B  in  the  magnetite 
structure.  While  for  the  maghemite  structure,  a  redox  model 
has  to  be  proposed  to  modify  the  cation  distribution  estab¬ 
lished  in  the  corresponding  magnetite  precursor. 

The  cation  distribution  of  the  air-cooled 
y-(Fe,Mn,Co)304  particles  is  proposed  as 

(Mn2*iFe^0.s,)fMn^*24Co2*Fef!08,_,Fe]I06JOJ,  (1) 

where  those  in  ( •■•)  denoting  sites  A,  while  those  in  [•••] 
denoting  sites  B,  and  □  denoting  cation  vacancy.  As  Co  1 1 .8 
at.  %,  Mn  14.7  at.  %  is  deduced  to  the  magnetite  formula, 
x  =  0.44  and  y  =  0.34,  substituting  into  formula  (1): 

(MnJ,3JFeJ.S5)[MnJ  09CoJj4  Fej)  3JFe3  26]04.  (2) 
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FIG.  3.  ial  The  simulated  [101]  lattice  image  from  the  proposed  cation 
distribution:  (b)  the  simulated  [101]  diffraction  pattern  of  the  same  formuia. 


FIG.  1.  A  Mossbauer  spectrum  of  the  air-cooled  y-i  le.Mn.Co  1 .() ;  particles. 
The  innermost  curve  denotes  deconvoluted  iron  at  site  A,  the  intermediate 
curve  that  at  site  B.  while  the  outermost  curve  outlines  the  datum  points. 

When  they  are  oxidized  at  270  to  360  °C,  the  redox  mecha¬ 
nism  proposed  and  verified  in  part  by  Tailhades5  is  adopted. 
Formula  (2)  can  thus  be  deduced  to  be 

(Mn;;  24jIFe'|  _0  24t)[Mn2  ^Mn^  ,7,C'o‘  Fef  67.0  44,_()67v 

XOo.3J-|).Ja-0.33y]04.  (3) 

The  net  magnetic  moment  per  formula  is  calculated  as 
3.33-0.52x-0.33y  from  the  proposed  cation  distribution. 
It  predicts  that  the  saturation  magnetization  would  decrease 
as  the  Mn  content  increases.  This  was  experimentally  veri¬ 
fied. 

The  cation  distribution  of  the  air-cooled  sample  (x 
=  0.44,  y  =  0.34)  was  deduced  from  formula  (3)  to  be 

( Mn^  |  (Fep  8p)[Mn,M(7Mn]J  lrtCOy  74Fe]  2.iO(i,roJO.r'  (4) 

Formula  (4)  does  not  tell  the  arrangement  of  cations  in 
sites  B,  that  is  to  say,  those  in  sites  B  are  random.  Figure  1 
shows  a  Mossbauer  spectrum  of  the  air-cooled  particles.  The 
calculation  of  Fig.  1  shows  an  Fe  occupancy  ratio  of  sites  B 
to  sites  A  as  1.38,  in  an  exact  match  with  the  proposed  one. 


FIG.  2.  fa)  The  [101]  lattice  image  of  an  air-cooled  y-tFt  ,Mn,(  ut-O,  par¬ 
ticle;  lb)  (he  Fourier  transformed  diffraction  pattern  of  (al. 


The  magnetic  moment  per  formula  is  calculated  to  be 
2.99/eg/A//  .  The  magnetization  in  a  fieid  of  4  7  at  10  K  is 
measured  to  he  71.7  emu/g,  corresponding  to  2.84/ug/AfF, 
which  is  only  5%  less  than  the  calculated  one  from  the  pro¬ 
posed  formula. 

Figure  2(a)  is  the  lattice  image  of  an  air-cooled 
y-(Fe,Mn,CoKO,  particle  along  [101]  direction,  Figure  2(b) 
shows  the  Fourier  transformed  diffraction  pattern  of  Fig.  2(a) 
by  the  Mac  Tempas  software,7  and  is  indexed  exactly  with 
the  [101]  incident  electron  beam  direction.  The  proposed  cat¬ 
ion  distribution  model  was  used  to  simulate  the  lattice  image 
and  diffraction  pattern,  as  shown  in  Figs.  3(a)  and  3(b), 
which  are  in  good  match  with  those  in  Fig.  2. 

Figure  4  is  the  lattice  image  of  an  annealed 
y-tFe.Mn.ColjOj  particle  (with  a  coercivity  of  1850  Oe) 
along  the  [114]  direction.  Both  the  upper  region  (near  the 
surface  of  the  particle)  and  the  lower  region  (near  the  core  of 
the  particle)  is  identified  as  the  spinel  structure  by  the  Fou¬ 
rier  transformed  diffraction  pattern.  The  lattice  image  of  the 
upper  region  is  in  good  match  with  the  simulated  lattice  im¬ 
age,  while  that  of  the  lower  (core)  region  is  not.  This  indi¬ 
cates  that  disordered  cation  distribution  model  is  no  longer 
suitable  to  explain  the  lattice  image.  This  means  that  a  kind 
of  ordered  cation  arrangement,  specifically  those  in  sites  B. 
exists  in  the  core  region.  If  so,  the  high  resolution  TEM 
micrographs  provides,  for  the  first  time,  direct  proof  for  the 


FIG.  4.  The  [1 14]  lattice  image  of  an  annealed  y-IFe.Mn.Col-O,  particle. 
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existence  of  directional  ordering  inside  the  core  of  the  nanoc¬ 
rystalline  particles.  And  the  directional  ordering  seems  to  be 
destroyed  for  a  few  layers  on  the  particle  surface,  this  is  also 
first  disclosed. 


CONCLUSION 

The  cation  distribution  of  the  air-cooled 
y-iFe.Mn.ColiO}  (11.8  at.  %Co,  14.7  at.  %Mn)  is  proposed, 
based  on  a  redox  model  and  supported  with  saturation  mag¬ 
netization,  Mossbauer  spectrum,  and  HRTEM  analyses  to  be 
most  likely  as 

(Mtto.i  t^e,,  g^Mr^  o-jMiiq  16Coq  54Fe[  2o]04- 

The  lattice  images  of  the  air-cooled  and  annealed  par¬ 
ticles  are  different  due  to  the  difference  between  disordered 


and  ordered  cation  distribution  within  the  B  sites.  It  offers  a 
possible  evidence  of  the  directional  ordering,  which  is  be¬ 
lieved  to  be  the  main  reason  of  a  substantial  increase  in  co- 
ercivity  due  to  annealings. 
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The  relaxation  time  for  superparamagnetic  behavior  is  calculated  for  prolate  spheroidal  particles 
with  a  uniaxial,  crystalline  anisotropy  superimposed  on  their  shape  anisotropy.  Possible  applications 
to  the  analysis  of  some  experiments,  in  particular  for  the  case  of  quantum  tunneling,  are  discussed. 


I.  INTRODUCTION 

All  physical  systems  have  a  Unite  probability  for  jump¬ 
ing  over  an  energy  barrier,  £s,  due  to  the  thermal  fluctua¬ 
tions  at  a  Unite  temperature,  T.  This  probability  is  usually 
expressed  as  being  proportional  to  exp(-£yiBr),  where 
kB  is  Boltzmann’s  constant.  In  the  particular  phenomenon  of 
superparamagnetism  the  thermal  fluctuations  flip  the  direc¬ 
tion  of  magnetization  back  and  forth  during  the  time  of  the 
measurement.  Obviously,  it  is  encountered  only  in  small  fer¬ 
romagnetic  particles  for  which  the  energy  barrier  (which  is 
proportional  to  the  volume  of  the  particle)  is  not  too  large. 

However,  in  this  case  it  is  customary1  to  speak  of  the 
relaxation  time,  r,  it  takes  the  magnetization  to  flip,  rather 
than  in  terms  of  the  probability  of  flipping.  The  classical 
expression1  for  this  r  is 

r-'=fQea,  (1) 

where  /0  is  a  constant,  and  where  generally 

a=Eg/(kBT).  (2) 

Most  theoretical  studies  of  superparamagnetic  relaxation 

were  carried  out  for  the  case  of  a  uniaxial  anisotropy  in 

spherical  panicles,  for  which  the  total  energy  is 

E  =  KUV  sin2  0,  (3) 

where  is  the  anisotropy  constant,  V  is  the  volume,  and  0 
is  the  angle  between  the  magnetization  and  the  easy  axis.  In 
this  case  the  energy  minima  are  £'m,„=(l  for  6=  0  or  it,  the 
maximum  is  Emxx=Ku  V  for  0=77/2,  and  the  energy  barrier 
is 


Ea  =  Emit-Em:„  =  KuV.  (4) 

In  this  case,  and  only  in  this  case,  the  more  general  expres¬ 
sion  in  Eq.  (2)  becomes  the  more-commonly  quoted 

a= KuV/(kgT).  (5) 

For  a  cubic  anisotropy,  in  ferromagnetic  spheres,  the  ex¬ 
pression  is1  only  slightly  different  from  that  of  Eq.  (5),  but 
for  nonspherical  particles  there  is  no  reason  at  all  to  use  this 
relation.  Nevertheless,  in  recent  years  it  has  been  quoted,  and 
used  in  analyzing  experiments  on  quite  elongated  particles.  It 
is  the  purpose  of  this  paper  to  generalize  Eq.  (5)  for  the  case 
of  elongated  particles  with  a  magnetocrystalline,  uniaxial  an¬ 
isotropy  superimposed  on  their  shape  anisotropy,  so  that  the 
energy  barrier  is  not  KUV.  The  correct  energy  barrier  that 
should  be  used  in  Eq.  (2)  for  such  particles  with  this  combi¬ 
nation  of  anisotropies  will  be  calculated  in  the  next  section. 


■'Electronic  mail:  a.aharoni@ieee.org. 


II.  PROLATE  SPHEROIDS 

The  magnetostatic  self-energy  of  a  saturated  general  el¬ 
lipsoid  can  be  written2  in  the  form- 

Em  =  's  V(NXM]+  (6) 


where  V  is  the  volume  ol  the  particle,  and  M  is  the  magne¬ 
tization  vector.  The  parameters  Nx ,  Ny,  Nx  are  called  the 
demagnetizing  factors.  They  depend  on  the  ratios  of  ellipsoi¬ 
dal  axes,  a,  b,  and  c,  specific  expressions  for  which  have 
been  given2  in  terms  of  elliptic  integrals. 

For  the  particular  case  of  a  prolate  spheroid,  namely  an 
ellipsoid  for  which  two  axes  are  equal,  say  a  =  h  and  c>a, 
two  demagnetizing  factors  are  the  same,  Nx=Ny.  Obviously, 
Eq.  (6)  can  be  written  in  this  case  as 

Em  =  \  V[(Nx~Nx)M2z  +  NxM2s],  (7) 


where  the  last  term,  with  the  saturation  magnetization  M „  is 
a  constant,  and  may  be  omitted.  In  this  case,  the  expressions 
for  the  demagnetizing  factors  are  also  more  elementary.  Spe¬ 
cifically,  by  using  the  notation 

m  =  c/a  (>  1),  £=  \]m2-  1/m,  (8) 

the  equations  of  Osbom2  become 


47T 

"r=-7- i 


It  im 

2(  Hl-f 


(9) 


Nx=2ir-\  Nt. 


(10) 


Dropping  an  additive  constant,  and  defining  the  angle  8 
from  the  z  axis,  Eq.  (7)  can  be  written  in  the  form 

Em  =  KmV sin20,  (11) 


where 


Km=\(Nx-N!)M2.  (12) 

This  energy  is  thus  formally  equivalent  to  a  uniaxial  anisot¬ 
ropy  as  in  Eq.  (3).  Therefore,  if  a  uniaxial,  magnetocrystal¬ 
line  anisotropy  is  also  present,  and  if  its  easy  axis  is  also  in 
the  same  x  direction,  the  coefficients  of  these  anisotropies 
simply  add  to  each  other. 

Consider,  however,  a  magnetocrystalline  anisotropy  of 
the  same  form  as  in  Eq.  (3),  whose  easy  axis  is  at  an  angle  if 
to  the  z  axis.  When  added  to  the  shape  anisotropy  of  Eq.  (11) 
the  total  energy  per  unit  volume  is 

U=E/V=Km  sin2  8+Ku  sin2  (8— if).  (13) 

To  within  an  additive  constant  Eq.  (13)  is  the  same  as 
2U=  -K’m  cos  (2 8)-K„  sin  (2 if)  sin  {28),  (14a) 

K’m=Kn+Ku  cos  (2if).  (14b) 
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Therefore,  the  solution  of  3U  138=0  is 


tan  (26m)  =  Ku  sin  .  (IS) 

Hence, 

cos  (2 8m)=±  K’JK2',  (16a) 

sin  (26m)  =  ±  Ku  sin  (2ip)IK\,  (16b) 

where 

K,=  jKi  +  Kl+lKJtC,  cos  (2V»-  (17) 


The  double  solution,  with  i  in  Eqs.  (16),  originates  from  the 
two  possibilities  of  extracting  the  square  root.  It  should  be 
noted,  however,  that  there  are  only  two  possibilities,  and  not 
four,  in  assigning  signs  to  the  expressions  in  Eqs.  (16).  The 
sign  of  one  of  them  is  the  same  as  that  of  the  other,  due  to  the 
constraint  imposed  by  Eq.  (IS). 

Substituting  from  Eqs.  (16)  in  the  energy  expression  of 
Eqs.  (14),  the  energy  extrema  are 

=  l  *«,  t/ni.=  4  *,■  (18) 

Hence,  the  energy  barrier  to  be  substituted  in  Eq.  (2)  is 
Eb  =  K'V,  (19) 

with  Ke  of  Eq.  (17).  This  relation  is  similar  to  Eq.  (4),  and 
the  expression  which  has  to  be  substituted  in  Eqs.  (1 )  and  (2) 
is  only  numerically  different  from  that  of  Eq.  (5).  The  nu¬ 
merical  value  of  Ke  may  be  larger  or  smaller  than  Ku ,  de¬ 
pending  on  the  value  of  the  angle  ip. 

A.  Particular  cases 

(1)  ip=  0.  In  this  case  the  anisotropies  are  in  the  same 
direction,  and  just  add  up;  and  indeed  Eq.  (17)  yields  for  this 
case 

K.=  \Km  +  K„\.  (20) 

(2)  ip=  ir/2.  In  this  case  the  anisotropies  are  perpendicu¬ 
lar  and  subtract  from  each  other: 

Kt=\Km-Ku\.  (21) 

(3)  Km+  Kucos(2ip)=0.  This  case  needs  a  special  atten¬ 
tion,  because  formally  the  solution  of  Eq.  (15)  is  not  valid 
when  the  denominator  vanishes.  It  is  seen,  however,  that  Eq. 
(17)  yields  for  this  case 

K'=KU\  sin  (2*)|.  (22) 

If  the  value  of  ip  for  this  case  is  first  substituted  in  Eqs.  (14), 
the  energy  density  is 

2 U=  -Ku  sin  ( 2 «/>)  sin  (26).  (23) 

The  maxima  and  minima  are  thus  those  of  sin(20),  namely 
±  1 ,  and  the  result  is  as  in  Eq.  (22). 

B.  Magnetic  field 

It  is  not  difficult  to  add  the  energy  of  interaction  with  an 
applied  magnetic  field  to  the  energy  density  of  Eq.  (13)  or 
Eqs.  (14).  Only  in  that  case  the  solution  of  3U/38= 0  in¬ 
volves  (for  ff||z)  the  roots  of  a  fourth-order  polynomial  in 
sin#  or  cosft  In  principle  this  solution  can  be  obtained  ana- 
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lyrically  as  well,  but  it  is  not  as  simply  written  in  a  closed 
form  as  in  the  case  H  =  0.  Therefore,  in  this  case  it  is  better 
to  evaluate  the  energy  barrier  numerically. 

C.  Surface  anisotropy 

In  the  foregoing,  an  angle  6  was  defined  for  the  whole 
ellipsoid,  independent  on  the  position  within  it,  thus  taking 
for  granted  a  coherent  rotation  of  the  magnetization  in  the 
particle.  This  mode  is  assumed  in  almost  all  the  calculations 
of  superparamagnetism  in  the  literature,  except  for  one  theo¬ 
retical  study3  which  allows  a  certain  noncoherent  reversal 
mode.  It  is  most  probably  a  good  approximation  for  all  small 
particles  because  exchange  is  so  strong  in  them  that  all  other 
forces  are  negligible  in  comparison.  Superparamagnetism  in 
a  set  of  two  dipoles4  prefers  .oncoherent  reversals,  but  in 
this  case  there  is  no  exchange  coupling  between  the  two 
dipoles. 

Generally,  the  surface  anisotropy,  in  as  much  as  it  is  not 
negligible,  should  enter  the  Micromagnetics  calculations  as  a 
modification  of  the  boundary  conditions.3  However,  if  there 
is  no  space-dependence  of  the  magnetization,  the  angles  on 
the  surface  are  exactly  the  same  as  the  angles  inside  the 
particle.  Therefore,  for  the  coherent  rotation  approximation, 
there  is  no  difference  between  a  bulk  and  a  surface  anisot¬ 
ropy,  and  the  latter  may  just  be  added  to  the  shape  and  mag¬ 
netocrystalline  anisotropies,  in  the  same  way  as  has  been 
done  in  the  foregoing.  It  is  only  an  approximation,  especially 
since  the  coherent  rotation  is  nor6  an  eigenmode  of  Brown’s 
equations  when  there  is  a  surface  anisotropy.  It  is,  however,  a 
well-justified  approximation,  and  one  which  is  being  used 
anyway  for  the  other  energy  terms.  It  is  particularly  impor¬ 
tant  to  note  this  point  because  Awschalom  et  al ?  mention 
that  the  particles  in  their  experiment  “are  likely  to  be  amor¬ 
phous  rather  than  crystalline,  and  their  anisotropy  is  presum¬ 
ably  dominated  by  surface  and  shape  effects." 

III.  APPLICATIONS 
A.  Blocking  temperature 

Bocquet  c/a/.8  compared  measurements  of  different 
samples  of  fine-particle  goethite.  The  length-to-width  ratio 
(m  in  the  notation  used  here)  varied8  between  1.55  (for  a 
length  c:  704  nm  and  a  width  of  455  nm)  and  18.4  (for  a 
length  of  295  nm  and  a  width  of  16  nm).  But  in  spite  of  this 
wide  variation  in  m,  Bocquet  ef  a/.8  expect  the  blocking  tem¬ 
perature  for  superparamagnetism  to  depend  only  on  the  par¬ 
ticle  volume,  using  a  relation  similar  to  Eq.  (1),  with  Eq.  (5) 
substituted  in  it.  They8  evaluated  the  anisotropy,  Ku.  for  one 
of  the  samples,  with  m=  15.8,  for  which  this  anisotropy  was 
not  very  different  from  that  of  bulk  goethite,  and  assumed 
that  the  same  value  should  apply  to  all  the  other  samples. 

In  view  of  the  present  results,  the  combination  of  shape 
and  crystalline  anisotropy  at  this  particular  m  can  be  very 
different  from  that  of  the  other  samples.  Therefore,  the  analy¬ 
sis  of  the  data  should  be  modified,  and  the  conclusion  of 
Bocquet  cr  a/.8  about  the  possible  onset  of  superparamag¬ 
netism  in  fine  particles  of  goethite  is  not  conclusive. 

The  present  analysis  may  also  change,  if  the  assumption 
of  a  coherent  magnetization  rotation  breaks  down  for  ex- 
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tremely  elongated  panicles.  But  it  seems  more  likely  that  the 
coherent  rotation  will  remain  a  good  approximation  for  all 
small  panicles  of  a  regular  shape,  because  of  the  strong  ex¬ 
change  interaction. 

B.  Quantum  tunnallng 

The  particles  in  the  experiment  of  Awschalom  el  al. 7 
may  have  been  prolate  spheroids,  but  they  may  also  have  had 
three  unequal  axes.  For  the  more  general  ellipsoids  one 
should  use  Eq.  (6)  which  can  also  be  written,  to  within  an 
additive  constant,  in  the  form 

E„  =  5  V[(Nx-Ny)M;  +  (N,-Ny)M3J.  (24) 

This  form  has  been  assumed  in  the  model  of  Chudnovsky 
et  al.'7  for  quantum  tunneling  of  the  magnetization.  Here, 
only  the  case  Nx=Ny  is  studied,  for  which  the  theory1*  does 
not  apply.  However,  for  calculating  the  energy  bonier  it  is 
sufficient  to  consider  a  rotation  in  the  y-z  plane,  with 
Mx  =  0.  The  foregoing  is  then  a  sufficiently  good  approxima¬ 
tion  for  the  case  of  two  nearly  equal  axes,  for  which  the 
demagnetizing  factors  are  only  slightly  different  from  those 
in  Eqs.  (9)  and  (10).  The  use  of  Eq.  (19),  with  Ke  which 
depends  on  the  axial  ratio,  m.  could  thus  make  a  large  dif¬ 
ference  to  the  analysis  of  Awschalom  et  al.,7  who  ignored  the 
different  m  in  their  samples.  They7  measured  a  resonance  at 
a  frequency  to, ,  and  looked  for  a  linear  relation  between 


log(  w,)  and  the  volume,  V ,  according  to  Eq.  ( 1 ),  as  if  ail  the 
samples  had  the  same  Ke  in  spile  of  the  reported  variation  of 
m  between  them. 

It  should  be  noted,  though,  that  this  correction  by  itself  is 
not  likely  to  account  for  the  wide  discrepancies  between 
theory  and  experiment.  It  is  quite  possible  that  this  particular 
theoretical  model9  does  not  apply  to  this  particular 
experiment.7 

APPENDIX 

It  may  be  worth  noting  that  for  a  small  4,  a  power  series 
expansion  of  the  logarithm  in  Eq.  (9)  leads  to 
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We  present  a  variation  of  the  Wohlfarth-Henkel  technique  for  studying  interactions  in  single 
domain  particles  (SDPs)  in  which  samples  are  prepared  in  different  remanent  states  before  the 
remanent  magnetization  curves  are  measured.  By  analyzing  the  resulting  series  of  switching  held 
distributions  (SFDs),  it  is  possible  to  separate  the  effects  of  positive  (magnetizing)  and  negative 
(demagnetizing)  interactions,  even  when  one  type  dominates  the  other.  The  method  is  applied  to  two 
types  of  samples  consisting  of  uniform  SPDs  of  magnetite  produced  by  magnetotactic  bacteria.  ( 1 1 
whole  bacterial  cells  containing  single,  linear  chains  of  SDPs;  and  (2)  SDPs  extracted  from  the  cells 
and  allowed  to  aggregate  into  clumps. 


I.  INTRODUCTION 

One  approach  to  understanding  the  effects  of  interactions 
in  a  remanent  magnetic  system  has  been  a  plot  of  the  isother¬ 
mal  remanetit  magnetization  M r(H)  versus  the  dc-remanent 
demagnetization  Md(H),  where  both  parameters  are  normal¬ 
ized  to  the  saturation  remanence.  These  plots,  referred  to  as 
"Henkel  plots,”1  are  based  on  the  work  of  Wohlfarth2  who 
considered  the  magnetization  reversal  of  a  collection  of  non¬ 
interacting  uniaxial  single  domain  particles  (SDPs).  For  this 
case,  a  Henkel  plot  is  linear,  with  a  slope  of  -2.  When 
interactions  are  present,  the  Henkel  plot  will  be  nonlinear 
and  the  curvature  will  depend  on  whether  the  interactions  are 
positive  (magnetizing)  or  negative  (demagnetizing).  In  gen¬ 
eral.  a  magnetic  system  can  have  both  positive  and  negative 
interactions.  Often,  however,  one  type  of  interaction  will  be 
dominant.  If  a  Henkel  plot  is  made  of  such  a  system,  the 
dominant  interaction  may  obscure  the  effects  of  the  other. 

In  this  paper,  we  present  a  variation  of  the  Hen.  el  tech¬ 
nique  for  studying  interaction  effects  in  which  samples  are 
prepared  in  different  remanent  states  before  the  remanent 
magnetization  curves  are  measured.  The  derivative  of  each 
of  these  remanent  curves  produces  a  switching  field  distribu¬ 
tion,  pk  .  By  analyzing  the  resulting  series  of  switching  field 
distributions,  it  is  possible  to  separate  the  effects  of  positive 
and  negative  interactions  as  well  as  the  dependence  of  the 
interactions  on  the  remanent  state  of  the  system.  This  tech¬ 
nique  has  been  applied  to  two  magnetic  systems,  each  con¬ 
sisting  of  assemblies  of  uniform  SDPs  of  magnetite  (Fe,0„) 
produced  by  magnetotactic  bacteria.1  The  first  system  was  a 
collection  of  whole  bacterial  cells  containing  single,  linear 
chains  of  SDPs.  The  chains  are  physically  separated  from 
each  other  by  the  cell  bodies,  resulting  in  a  relatively  nonin¬ 
teracting  sample.  The  second  system  was  a  collection  of  the 
same  uniform  bacterial  SDPs  extracted  from  the  cells  and 
allowed  to  agglomerate,  resulting  in  an  interacting  magnetic 
system. 
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II.  EXPERIMENTAL  METHOD 

Samples  were  first  given  a  saturation  remanent  magneti¬ 
zation  by  the  application  of  a  large  positive  field.  The  Mj(H) 
curve  was  then  measured  to  some  negative  field  called  the 
preparation  field  Hp .  At  this  point,  the  sample  had  some  net 
remanent  magnetic  moment  Mp.  Starting  from  this  state. 
Mr(H)  was  measured.  Another  large  saturating  field  was 
again  applied,  bringing  the  sample  back  to  its  initial  state  and 
the  process  was  repeated  several  times  using  increasingly 
larger  negative  values  of  H The  derivative  of  M ,(H)  with 
respect  to  the  acquisition  field  was  then  p,  All  magnetic 
measurements  were  made  at  room  temperature  with  an  alter¬ 
nating  gradient  force  magnetometer  in  fields  up  to  1 000  Oe. 
The  coercivity  of  the  particle  samples  was  always  near  300 
Oe.  Henkel  plots  were  made  for  comparison  with  the  method 
outlined  above.  In  this  case,  the  initial  state  for  the  M r(H) 
curve  was  produced  by  dc  demagnetization  in  a  negative 
field  equal  to  the  remanent  coercivity. 

Samples  used  in  this  study  consisted  of  a  collection  ot 
SDPs  produced  by  the  magnetotactic  bacteria  strain  MV  I.4 
Bacterial  SDPs  are  idea)  for  interaction  studies  because  of 
their  narrow  size  and  shape  distributions.  Variations  in  the 
coercive  fields  of  bacterial  SDPs  should  be  primarily  due  to 
interactions  rather  than  a  combination  of  interactions  and 
particle  size  distribution  effects.  Magnetotactic  bacteria  syn¬ 
thesize  intracellular  membrane  bounded  magnetite  particles 
called  magnetosomes.  Magnetosomes  in  MV1  are  truncated 
hexahedral  prisms  with  average  dimensions  of  53x35x35 
nm.5  Inside  the  bacteria,  the  magnetosomes  form  a  single 
linear  chain  of  10-20  particles  per  cell,  with  an  average  dis¬ 
tance  between  magnetosomes  of  —10  nm.  The  magneto¬ 
somes  are  oriented  with  their  magnetic  easy  axes  aligned 
along  the  chain  axis,  forming  an  effective  magnetic  dipole. 
The  bacterial  dipoles  are  separated  from  each  other  by  the 
cell  bodies  limiting  interchain  interaction  distances  to  a  few 
microns.  Because  of  this  configuration,  negative  chain-chain 
interactions  should  be  small. 

Magnetosomes  are  easily  extracted  from  cells  by  dis¬ 
solving  the  cell  membranes  in  a  hypochlorite  solution  and 
collecting  the  magnetic  fraction  with  a  magnet.  This  treat¬ 
ment  disrupts  the  internal  chain  structure  and  produces  an 
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agglomerated  sample  of  SDPs.  In  such  a  system,  one  expects 
predominantly  negative  interactions  from  closed  chain  con 
figurations. 

Samples  for  re  mane  nee  measurements  were  prepared  by 
drying  dilute  suspensions  of  whole  cells  and  extracted  mag- 
netosomes  onto  glass  slides  in  the  presence  of  the  earth’s 
magnetic  field  (0.5  Oe).  Remanence  ratios  ( M,IM ,)  of  “>0.5, 
measured  from  the  full  hysteresis  loops,  confirm  that  samples 
are  randomly  oriented  and  that  the  drying  procedure  pro¬ 
duced  little  or  no  net  particle  orientation. 

III.  NONINTERACTING  CASE 

As  a  first  step  in  the  analysis,  we  will  explore  the  case  of 
a  randomly  oriented  ensemble  of  completely  noninteracting 
single  domain  particles.  In  this  situation,  the  remanent  be¬ 
havior  of  the  system  has  been  described  previously.6  Accord¬ 
ing  to  the  Stoner-Wohlfarth  model  of  a  SDP,  the  particle 
coercivity  is  the  same  in  both  the  positive  and  negative  di¬ 
rections  and  depends  only  on  the  anisotropy  and  angle  to  the 
applied  field.  For  a  random,  noninteracting  collection  of  par¬ 
ticles,  two  important  points  concerning  the  switching  field 
distribution  pK  are:  The  switching  field  distribution  (pK)  for 
remanent  acquisition  should  have  a  sharp  cutoff  at  the  prepa¬ 
ration  field  Hp .  Successive  pK  curves  should  superpose  for 
fields  less  than  their  respective  cutoff  points.  These  points 
are  illustrated  in  Fig.  1(A)  for  two  different  preparation 
fields.  Variations  from  these  two  ideal  conditions  indicate  the 
presence  of  interactions. 

IV.  INTERACTION  CASE 

Positive  interactions  assist  the  magnetization  process, 
whereas  negative  interactions  hinder  it.  Therefore,  interac¬ 
tions  will  modify  the  shape  of  the  ideal  noninteracting  pK 
curve  in  two  distinct  ways.  First,  positive  interactions  will 
shift  pK  to  lower  fields,  and  for  successive  initial  magnetiza¬ 
tion  states,  the  pK  curves  will  no  longer  superpose  for  fields 
less  than  Hp .  However,  positive  interactions  should  not  af¬ 
fect  the  presence  of  a  sharp  cutoff  of  pK  at  the  preparation 
field  Hp .  The  positive  interaction  case  is  schematically  illus¬ 
trated  in  Fig.  1(B).  Secondly,  negative  interactions,  on  the 
other  hand,  will  shift  pK  to  higher  fields.  Here,  pK  curves  for 
successive  initial  magnetization  states  will  not  superpose  for 
fields  larger  than  Hp .  This  is  shown  in  Fig.  1(C).  The  more 
realistic  case  of  both  types  of  interactions  is  shown  in  Fig. 
1(D). 

Thus,  the  main  advantage  of  our  technique  over  the  con¬ 
ventional  Henkel  plot  is  that  it  is  possible  to  observe  both 
positive  and  negative  interactions  in  a  sample  with  the  same 
measurement.  As  we  will  show  below,  this  is  true  even  if  one 
type  of  interaction  dominates. 

V.  RESULTS 


FIG.  1.  A  set  of  switching  field  distribution  (pK)  curves  for  single  domain 
particles.  Each  case  [(AMD)]  provides  an  example  of  the  behavior  of  the 
pK  curve  for  successively  increasing  preparation  field  ( Hp )  values.  »A)  In 
the  case  of  no  interactions,  successive  pK  curves  simply  superpose.  (B)  If 
there  are  only  positive  (magnetizing)  interactions  present,  the  system  will 
begin  to  switch  at  lower  values  of  H<Hp,  producing  a  larger  pK  at  small 
field  values.  The  system  will  be  completely  switched  by  the  time  tbe  prepa¬ 
ration  field  is  reached,  resulting  in  a  cutoff  at  that  point  as  in  the  case  of  no 
interactions.  (C)  For  the  case  in  which  the  system  exhibits  only  negative 
(demagnetizing)  interactions,  successive  curves  superpose  until  the  initial 
preparation  field  value.  Then  successive  curves  will  start  to  diverge  as  the 
negative  interactions  are  overcome.  To  entirely  switch  the  system,  it  may  be 
necessary  to  apply  a  field  significantly  larger  than  the  preparation  field.  ID) 
In  the  typical  situation  where  both  types  of  interactions  are  present,  features 
of  cases  (B)  and  (C)  are  combined. 
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A  family  of  pK  curves  for  an  ensemble  of  whole  cells  is 
shown  in  Fig.  2.  As  expected,  successive  curves  superimpose 
for  low-field  values,  indicating  minimal  positive  interactions. 
Magnetosomes  arranged  in  a  chain  experience  strong  mag¬ 
netic  coupling  resulting  in  collective  magnetic  response.  In 
this  case,  tbe  positive  interactions  are  so  strong  that  the  chain 


FIG.  2.  A  family  of  switching  field  distribution  (p*)  curves  for  relatively 
noninteracting  chains  of  single  domain  particles.  Tbe  numbers  on  the  curves 
correspond  to  the  preparation  field  values  (Hp).  A  Henkel  plot  for  the  same 
system  is  inset  in  the  upper  right  corner.  Whereas  the  Henkel  plot  suggests 
that  this  is  a  relatively  noninteracting  system,  the  behavior  of  the  pK  curves 
is  similar  to  that  diagrammed  in  Fig.  1(C),  indicating  tbe  presence  of  nega¬ 
tive  interactions. 
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FIG.  3.  A  family  of  switching  field  distribution  ipg)  curves  for  a  system  of 
highly  interacting  single  domain  panicles.  The  numbers  on  the  curves  cor¬ 
respond  to  the  preparation  field  values  (/f,).  The  Henke!  plot  of  this  system 
(shown  in  the  inset  in  the  upper  right  corner)  indicates  the  presence  of 
negative  interactions.  This  agrees  with  the  family  of  p,  curves.  However, 
the  p,  curves  also  indicate  the  presence  of  significant  positive  interactions 
{see  Figs.  1(B)  and  1(D)}. 

of  particles  behave  as  a  single  magnetic  particle,  which  is 
sufficient  enough  to  maintain  the  superposition  of  the  pK 
curves  for  fr'ds  less  than  Hp .  A  Henkel  plot  for  this  sample 
(Fig.  2)  is  approximately  linear  with  slope  -2,  suggesting  no 
interactions  (positive  or  negative).  However,  this  type  of 
Henkel  plot  is  also  similar  to  theoretical  ones  produced  by 
aligned  chains  of  particles  with  a  narrow  switching  field  dis¬ 
tribution  in  a  1-D  lattice  geometry.7  The  ideal  1-D  geometry 
may  closely  approximate  the  linear  chain  microstructure  of 
the  whole  bacteria  cells;  however,  in  our  case,  the  chains  are 
randomly  oriented. 

Despite  a  linear  Henkel  plot  for  this  sample  (Fig.  2,  in¬ 
set),  the  lack  of  a  sharp  cutoff  at  Hp  and  tailing  out  at  high 
fields  in  the  pK  curves  shown  in  the  main  part  of  Fig.  2, 
indicate  the  presence  of  negative  interactions.  Nevertheless, 
the  shift  of  successive  peaks  towards  higher  fields  [see  Fig. 
1(C)]  suggests  that  the  level  of  negative  interactions  is  small, 
explaining  the  linear  Henkel  plot. 

Results  for  extracted  magnetosomes  are  shown  in  Fig.  3. 
Here,  successive  pK  curves  do  not  superimpose,  either  at 
low-  or  high-field  values.  As  expected,  the  pK  curves  at  high 
fields  show  the  effects  of  large  negative  interactions.  For 
example,  a  preparation  field  of  50  Oe  requires  a  field  greater 
than  600  Oe  to  fully  remagnetize  the  sample  (see  Fig.  3).  A 
Henkel  plot  for  this  sample  (Fig.  3)  shows  the  typical  re¬ 
sponse  for  negative  interactions,  simitar  to  results  from  some 
particulate  recording  media.8 


Because  this  was  a  random  collection  of  uniform  SDPs, 
some  of  the  particles  are  expected  to  interact  positively.  This 
is  confirmed  by  nonsuperposition  of  the  pK  curves  at  low 
fields.  Thus,  despite  the  high  level  of  negative  interactions, 
our  method  was  able  to  pick  out  a  small  positive  contribu¬ 
tion. 

VI.  CONCLUSIONS 

We  have  demonstrated  the  utility  of  examining  the 
switching  field  distributions  of  families  of  remanent  curves 
as  a  means  of  separating  positive  and  negative  dipolar  inter¬ 
actions  between  single  domain  particles.  In  addition,  this 
technique  is  sensitive  to  interactions,  even  when  a  conven¬ 
tional  Henkel  plot  indicates  the  system  is  non-interacting. 
When  interpreting  the  data  shown  in  this  paper,  it  is  impor¬ 
tant  to  note  that  pK  depends  on  both  the  applied  field  and  the 
micromagnetic  state  of  the  system.  In  an  interacting  system, 
it  is  possible  to  have  the  same  bulk  magnetization  value  for 
very  different  micromagnetic  states.  In  general,  the  micro- 
magnetic  state  is  not  possible  to  define,  but  some  statements 
can  be  made  about  it  by  careful  examination  of  the  interac¬ 
tions.  Further  work  is  presently  in  progress  in  this  area. 
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The  peak  value  of  switching  held  distribution  Xme,  .  coercivity  Hc ,  and  saturation  magnetization  W, 
are  measured  as  functions  of  temperature  T  in  Co-y-FeX),  and  y-Fe203  powders.  It  is  found  that 
has  a  maximum  at  T~Tp  and  evidence  is  presented  also  for  the  existence  of  a  theoretically 
predicted  minimum  at  T  =  Tm  <  Tp .  Coercivity  is  decreasing  with  T  For  Ba-ferhte  platelets  we  find 
that  Hc  has  a  maximum  at  T-Tp  and  a  minimum  at  T=  Tm—Tp,  where  Xmo.  has  a  local  maximum. 
The  possible  origin  of  this  unusual  behavior  is  discussed. 


Recently1  we  studied  theoretically  the  response  of  an 
array  of  identical  thermally  relaxing  noninteracting  particles 
to  time  varying  applied  magnetic  field  H(t).  The  particles 
were  assumed  to  be  uniaxial,  with  easy  axes  parallel  to  the 
direction  of  H  so  that  their  energy 

E  =  K'2>V(l-al)-HMtVa}.  (1) 

Here  K12'  is  anisotropy  constant,  Af,  saturation  magnetiza¬ 
tion,  V  activation  volume,  a,  are  direction  cosines  of  mag¬ 
netization,  and  we  set  ff(r)  -ff„  cos  tot  for  the  biasing  field. 
Its  amplitude,  f/„  =  2AC(3l/Af,,  is  the  nucleation  field  and 
H(r)  drives  a  major  hysteresis  loop.  At  temperature  T  we 
tabulated  the  nonequilibrium  magnetization  Af [<u,7j//(r)j 
and  derived  thence  the  coercivity  Hc(<a,T )  and  the  switching 
field  distribution  (SFD)  y[o>,7j/f(r)]~ AM[<u,r|//(f)]/ 
AH(t).  The  SFD  function  x  was  found  to  have  a  peak  at,  or 
close  to,  coercivity:  Xma(<o,T)w>xl<a,Tlffc(ta,T)].  If  fC,2> 
and  Af  ,  are  temperature  independent  then  the  model  (1) 
yields  dHcldT< 0  for  all  T  but,  surprisingly,  at  a  fixed  sweep 
rate  to  the  function  y„„(< o,T)  has  a  local  minimum  at  T=Tm 
and  a  local  maximum  at  T=Tp>Tm.  For  0<T<Tm 
Am alw.lj1!1”  and  coercivity  is  given  by  Sharrock's 
formula1-2  while  xmax(<n,T)'xT~,  for  very  high  temperatures 
TC>T*>TP  as  the  system  approaches  thermal  equilibrium. 
Obviously,  in  an  infinitely  slow  sweep,  tu— *0,  this  regime 
prevails  throughout  the  entire  temperature  range  while  at 
very  fast  sweeps  the  system  remains  near  thermal  equilib¬ 
rium  only  at  high  temperatures  close  to  the  Curie  point  Tc . 

The  two  descending  segments  of  ym„(<i>,7')  are  separated 
by  an  ascending  section  at  the  intermediate  temperatures 
Tm<T<Tp,  where  a  transition  between  the  low-  and  high- 
temperature  switching  regimes  takes  place.  At  present,  how¬ 
ever,  there  exists  no  analytic  formula  for  Xma  which  would 
bridge  the  gap  between  the  two  limits  and  the  SFD  function 
X  can  only  be  studied  through  analysis  of  arrays  of  hysteresis 
loops. 

The  relation  of  Xmsx  ,0  the  SFD  width  was  further  dis¬ 


cussed  in  Ref.  3  and  the  influence  of  easy  axes  misalignment 
in  Ref.  4. 

It  appears  that  for  particulate  recording  media  the  as¬ 
cending  section  of  falls  squarely  into  the  region  of  room 
temperatures  and  observations  of  dy^/rfTX)  have,  indeed, 
been  reported  previously.5  Here  we  plot  our  newly  obtained 
experimental  curves  of  the  SFD  peak  value  y„ „(u»,7")  for 
Co-y-Fe,0,  and  y-Fe203  powders  and  for  Ba-ferrite  plate¬ 
lets.  The  coercivity  and  SFD  of  the  first  two  materials  behave 
in  accordance  with  the  theory  of  Ref.  1  while  barrium  ferrite, 
known  for  its  exceptional  T  dependence  of  coercivity,  cannot 
adequately  be  described  by  Eq.  ( 1 )  alone.  Its  properties  are 
discussed  separately. 

Commercial  magnetic  recording  powders  of  acicular 
Co-y-FejOj  (average  length  0.3  pm  and  aspect  ratio  8-101 
and  y-Fe203  particles  and  barrium-ferrite  platelets  were 
mixed  (separately,  of  course)  in  a  resin  polymer  to  form  a 
slurry  which  was  then  deposited  on  a  glass  substrate  and 
oriented  in  a  magnetic  field  of  3000  Oe.  The  particle  packing 
fraction  was  about  70%  of  weight  and  30%  of  volume  in  all 
samples.  A  sequential  program  with  identical  measuring  con¬ 
ditions  over  the  whole  temperature  range  was  used  to  record 
the  hysteresis  loop  of  each  sample  as  measured  by  a  vibrat¬ 
ing  sample  magnetometer  (VSM).  The  oriented  direction  of 
the  sample  was  parallel  to  the  applied  field  in  the  in-plane 
measurement.  The  thickness  of  the  magnetic  coating  could 
not  be  determined  with  sufficient  precision  and  we  present 
therefore  the  total  measured  magnetic  moment  /,  rather  than 
the  magnetization  Af, . 

From  Figs.  1  and  2  we  see  that  the  coercivity  of  the 
Co-y- Fe203  and  y-Fe203  powders  decreases  uniformly  with 
temperature  and,  at  the  same  time,  that  has  a  distinct 
peak  at  T-Tp.  The  thermal  equilibrium  region  close  to  the 
Curie  point  Tc>Tp  is  not  shown  in  our  graphs  since  large 
thermal  fluctuations  make  experimental  observations  here 
too  difficult.  The  experimental  high  T  section  of  in  Fig. 
1  drops  off  faster  than  T~ 1  and,  as  the  relatively  high  coer¬ 
civity  shows,  the  system  is  not  in  thermal  equilibrium.  At 
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FIG.  1.  Co->*-Fe:Oy  powder:  Experimental  dependence  of  the  peak  switch- 
tng  field  distribution  value  .  coercivity  H,  and  saturated  magnetic  mo¬ 
ment  /,  on  temperature  T.  Units  and  markings:  *TO1  < arbitrary  scale,  full 
line).  W,  (200  Oe,  long  dash),  and  /,  (arbitrary  scale,  short  dash).  The  lines 
merely  guide  the  eye.  Three  samples  from  the  same  production  batch,  dis¬ 
tinguished  by  the  symbols  (O).  («),  and  (A). 


temperatures  Tm<T<Tp  the  experimental  SFD  function 
*m»«  grows  with  7  On  the  other  hand,  if  7— -0  then  the 
Stoner- Wohlfarth  limit  is  reached  in  which  The 

SFD  function  is  a  S  function,  and 

Obviously,  there  is  therefore  dxmiJdT<0  on  some  interval 
T<Tn  and  the  function  must  have  a  minimum  at 
T=Tm.  This  low-temperature,  almost  irreversible6  regime 
described  by  Sharrock’s  formula,1,2  Xmt%,xT~  l/2.  could  not  be 
reached  even  at  liquid-nitrogen  temperatures  though  a  trend 
towards  a  local  minimum  in  this  region  may  be  detected  in 
Fig.  1.  According  to  the  theory  of  Ref.  1  the  local  minimum 
shifts  to  higher  temperatures  and.  at  the  same  time,  becomes 
shallower  with  increasing  sweep  rate,  which,  however,  is  dif¬ 
ficult  to  manipulate  in  VSM  measurements. 

It  was  shown  in  Ref.  I  that  uniform  decrease  of 
Kl2\T)> 0  and  MS(T)  with  temperature  has,  within  the 
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FIG.  2.  r-Fe203  powder.  Units  and  markings  same  as  in  Fig.  t  but  with  Hc 
(20  Oe).  One  sample. 
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FIG.  3.  Ba-ferriie  platelets.  Units  and  markings  same  as  in  Fig.  1  but  with 
H,  (10*  Oe).  Three  samples  as  in  Fig.  1. 


model  ( 1),  no  effect  on  the  overall  behavior  of  H,  and  : 
The  two  graphs  Xmax(a>,7')  and  Hc(ta,T)  merely  undergo  a 
scaling  transformation  which  is  one-to-one,  i.e.,  no  new  ex¬ 
trema  can  occur.  In  order  to  study  the  T  dependence  of  mag¬ 
netization  we  attempted  to  interpolate  our  data  on  the  whole 
temperature  range  according  to  the  simple  formula 

l,(T)=l,(0Hl-TITc)a  (2) 

and  found  poor  agreement  between  the  interpolated  values  of 
Tc  and  those  reported  in  literature.7  Also  the  critical  expo¬ 
nent  a  deviated  markedly  from  the  theoretical  bulk  value1 
<r=l/3.  We  conclude  that  Eq.  (2)  is  not  adequate  over  large 
temperature  intervals  and  propose  that  the  experimental 
curve  Af  j(f)  be  used  if  the  theory  based  on  Eq.  (1)  is  to  be 
matched  with  experiment.  A  separate  measurement,  currently 
in  preparation,  of  the  function  A(2|(T)  is  also  required.  A 
fully  consistent  quantitative  description  of  the  powdered 
samples,  however,  is  rendered  difficult  not  only  by  the  re¬ 
quirement  that  M,(T)  and  K<2\T)  be  a  priori  known,  but 
also  by  the  intrinsically  stochastic  nature  of  thermal 
switching4  (the  thermal  decay  rate  is  only  the  mean  value  of 
the  relaxation  rate)  and  by  the  distribution  of  activation  vol¬ 
umes  within  the  sample  which  must  be  related  to  its  mag¬ 
netic  viscosity.8  Moreover,  the  thermal  decay  rate  prefactor 
has  a  poorly  understood  temperature9  and  field10  dependence 
which  cannot  be  neglected  on  the  large  intervals  studied. 

The  barrium  ferrite  data  of  Fig.  3  show  that  its  coercivity 
has  a  minimum  at  T=Tm  and  a  maximum  at  T=  Tp>  Tm  and 
that  Hc  increases "  with  T  at  room  temperatures,  but  de¬ 
creases  at  very  low  and  very  high  temperatures  as  has  been 
reported  previously.12  The  SFD  function  xm„(a>,7")  behaves 
as  in  the  previous  two  cases  of  Co-y-Fe20,  and  •y-FejO,  but 
its  peak  at  T-Tp  is  at  markedly  low  temperatures.  It  is  cer¬ 
tainly  remarkable  that  Tp^tm  where  coercivity  reaches  its 
minimum  and  it  should  also  be  noticed  that  at  the  peak  re¬ 
gion  of  coercivity,  for  T~Tp>Tp,  the  function  de¬ 
creases  very  slowly.  The  peculiar  increase  of  coercivity  at 
room  temperatures  was  explained  by  Kubo  et  al.  as  a  con¬ 
sequence  of  shape  anisotropy  which  opposes  alignment  of 

Lin  et  at. 


magnetization  with  the  easy  axis  perpendicular  to  the  platelet 
plane,  in  Eq.  (1),  then,  NM2,  and  for  the 

nucleation  field  one  obtains  Hn  =  2[K<2,/Af ,VW,]  As¬ 
suming  that  the  ratio11  Ki2,IMs  or  K'21  alone7 12  are  tempera¬ 
ture  independent  then  the  relation  HC*H„  yields  dHJdT> 0 
since  dMJdT<0.  This  relation  is  certainly  applicable  lo¬ 
cally,  on  a  small  temperature  interval,  but  a  theoretical  model 
of  Ba-ferrite  coercivity  valid  for  all  T  is,  to  date,  lacking,  in 
particular  in  regard  of  the  prominent  high-temperature  peak 
at  ~  150  °C.  The  existence  of  an  easy  cone13  rather  than  of  an 
easy  axis  was  assumed  by  Kubo  and  Ogawa;14  this  model 
includes  also  the  quartic  term 

E  =  a2})2  +  kt2,V(  \  -  a])- HM  sVa,  (3) 

and  if  k  =  k>2)/K<4,  then  the  nucleation  field  becomes11 

K141  ( [2*/313/2  if  0<*«6 

1 24-4  if  6<*  <4) 

Kubo  and  Ogawa14  measured  the  temperature  dependence  of 
saturation  magnetization  and  anisotropy  constants  and  found 
Eq.  (4)  to  give  a  good  quantitative  agreement  with  experi¬ 
ment.  Unfortunately,  however,  their  data  did  not  include  the 
high-temperature  region  of  maximum  coercivity  and  it  re¬ 
mains  an  open  question  whether  the  model  (3)  is  applicable 
also  in  this  region.  Similarly,  it  is  unclear  whether  the  SFD 
peak  value  shown  in  Fig.  3  is  compatible  with  Eq. 

(3);  we  recall  yet  that  diverges  in  the  limit  T— >0  so  that 


there  must  exist  also  a  low-temperature  minimum.  Measure¬ 
ments  of  anisotropy  energy  all  the  way  to  T,  are  currently  in 
preparation  and  shall  be  reported  on  in  near  future,  together 
with  hysteresis  calculations  based  on  Eq.  131  and  the  theory 
of  Ref.  1. 
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75231  Paris  Cedex  05,  France 

We  present  here  a  dynamical  study  of  Fe  particles  (0-50  A)  dispersed  in  an  alumina  matrix, 
performed  by  inelastic  neutron  scattering,  in  zero  applied  field.  The  line  shape  of  the  energy 
spectrum,  quasielastic  or  inelastic,  allows  us  to  define  three  temperature  ranges,  attributed  to  three 
distinct  regimes  for  the  transverse  fluctuations.  At  high  temperature,  the  line  shape  is  quasielastic 
with  a  nearly  temperature  independent  energy  linewidth.  At  intermediate  temperature,  one  observes 
the  expected  precession  mode  with  an  inelastic  line  shape.  At  low  temperature,  a  “reentrant" 
behavior  occurs,  which  locates  the  disappearance  of  the  precession  mode,  likely  due  to  the  effect  of 
interparticle  coupling. 


Up  to  now,  the  magnetic  properties  of  single  domain 
particles  have  been  extensively  studied  by  susceptibility.1 
Mossbauer,'  and  ferromagnetic  resonance,1  namely,  at  fre¬ 
quency  rates  going  up  to  109  s'1.  Neutron  experiments  ex¬ 
tend  the  frequency  window  to  10‘°-  10l_  s'1.  Moreover, 
zero-field  measurements  provide  direct  information  on  the 
intrinsic  properties  of  these  systems  which  is  of  special  in¬ 
terest  for  particles  with  random  anisotropy  axes.  In  a  previ¬ 
ous  study1  of  very  small  Fe  particles  (0—25  A)  in  an  alu¬ 
mina  matrix  corresponding  to  about  20%  Fe  in  volume,  the 
observed  energy  spectra  have  shown  the  existence  of  a  dual 
dynamics  with  two  typical  relaxation  times  for  the  particle 
magnetization.  The  large  time,  which  is  revealed  by  a 
resolution-limited  component  of  the  magnetic  intensity,  was 
attributed  to  the  “longitudinal”  fluctuations  corresponding  to 
the  relaxation  between  the  metastable  states,  defined  by  the 
particle  anisotropy  enetgy.  The  fast  time  was  attributed  to  the 
transverse  fluctuations  of  the  magnetization  trapped  in  one  of 
its  metastable  states.  Following  theory,5,6  the  evolution  in 
temperature  of  the  dynamics  is  governed  by  the  ratio  EB/kT, 
where  EB  is  the  energy  barrier  between  the  metastable  states. 
In  a  uniaxial  assumption,  usually  justified  by  the  existence  of 
a  shape  anisotropy,  one  has  EB=lCaV  (lCa  is  the  density  of 
anisotropy  energy  and  V  the  volume).  For  EBlkT<\,  the  two 
dynamics  are  expected  to  merge  at  high  temperature  in  a 
single  relaxation  process  which  obeys  the  Debye  law  with  a 
Curie  susceptibility  xiT)x  l/T  and  a  characteristic  time 
**\n.  Experimentally,  in  the  high  T  limit,  the  relaxation 
time  deduced  from  the  energy  linewidth  T  (T=l/2irD  no 
more  decreased  with  T  but  was  found  limited  at  some  value, 
which  could  be  related  to  the  anisotropy  energy  of  the  par¬ 
ticle.  In  the  opposite  limit  EB/kT<il,  one  expects6  to  observe 
inelastic  processes  corresponding  to  the  precession  mode  of 
the  Landau-Lifshitz  equation.  Instead,  down  to  25  K,  the 
fast  dynamical  component  kept  a  quasielastic  line  shape. 
This  could  indicate  that  the  condition  EB/kT>  1  was  still  not 
fulfilled  in  this  sample,  so  that  we  were  actually  observing  a 
transitory  regime.  To  check  this  conjecture,  we  have  studied 
a  sample  with  larger  particle  sizes  so  that  this  limit  could  be 


easily  reached.  This  new  sample  has  been  studied  by  magne¬ 
tization,  x-ray  scattering,  neutron  diffraction  at  small  angles, 
and  inelastic  neutron  scattering.  We  present  here  the  x-ray 
scattering  experiment  at  small  angles  and  some  results  ob¬ 
tained  by  inelastic  neutron  scattering. 

Fe  particles  dispersed  in  an  alumina  matrix  have  been 
obtained  by  copulverization  as  in  Ref.  1.  Magnetization  ex¬ 
periments  allow  the  determination  of  a  mean-particle  diam¬ 
eter  of  about  50  A.  The  x-ray  scattering  obtained  at  small  q 
values  is  reported  in  Fig.  1.  It  consists  of  two  parts:  an  in¬ 
creasing  intensity  at  very  small  angle  and  a  peak  around 
q=0.17  A' This  latter,  very  similar  to  the  peak  observed  in 
the  first  studied  sample,  indicate  the  existence  of  a  typical 
size  of  particles,  and  of  a  characteristic  interparticle  distance 
(25  and  46  A,  respectively  within  the  same  analysis  as  in 
Ref.  7).  The  very  small  q  contribution  indicates  the  existence 
of  larger  particles.  Being  out  of  the  Guinier  approximation,  it 
cannot  be  analyzed  quantitatively.  Comparison  between 
magnetization  and  x-ray  scattering  indicate  therefore  that  the 
size  distribution  is  likely  more  important  in  this  sample  than 
in  the  first  one. 


FIG.  I.  Comparison  between  the  q  dependence  of  the  x-ray  scattering  in¬ 
tensity  and  the  q  dependence  of  the  resolution-limited  peak  C ,  measured  at 
300  K.  The  x  ray  and  neutron  intensities  have  been  scaled  at  the  peak 
position.  We  have  omitted  the  neutron  intensities  at  the  smallest  q  values, 
being  out  of  the  scale  (for  ^=0.0775  A~'.  7=295  a.u.). 
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FIG.  2.  Examples  of  fitted  energy  spectra  using  the  single  Lorentzian  form 
ir =300  K)  and  the  double  Lorentzian  one  ( T =75  K). 


Inelastic  neutron  scattering  experiments  have  been  car¬ 
ried  out  at  the  Orphee  reactor  (Laboratoire  Leon  Brillouin) 
using  the  three-axis  spectrometer  4F1  and  the  neutron  cold 
source  facilities.  The  collimations  and  the  incident  neutron 
wave  vector  (K,  =  1.05  A-1)  determine  a  resolution  window 
(FWHM)  of  2r„=20  /ieV,  corresponding  to  a  characteristic 
time  t0=  l/2trr0=6x  10'11  s.  Three  values  of  the  momentum 
transfer  q  (0.045,  0.0775,  0.118  A'1)  have  been  studied  over 
the  whole  temperature  range  10-480  K,  whereas  a  more 
complete  q  range  has  been  studied  at  300  K.  For  each  q,  the 
energy  spectra  may  be  analyzed  as  the  sum  of  a  delta  func¬ 
tion  of  intensity  C ,  and  of  an  energy  function  corresponding 
to  the  inelastic  cross  section,  both  convoluted  with  the  spec¬ 
trometer  resolution.  The  inelastic  neutron  cross  section 
l(q,to)  where  q  and  to  are  the  momentum  and  energy  trans¬ 
fers,  respectively,  depends  on  the  incident  and  final  neutron 
wave  vectors  and  of  the  spin  correlation  function  S(q,to)  by 
l(q,to)’x.(Kf/Ki)S(q,to).  In  the  linear  response  theory, 
S(q,to)  is  expressed  as  5(<7,<u)  =  w[n(a>)  + 1  ]*'(<?, 
to  =  ())F(q,to).  Here,  n{to)  is  the  Bose  factor,  x'(g,<i>=0) 
the  static  “transverse  susceptibility”  (as  justified  below)  and 
F(q,  to)  the  spectral  weight  function.  Depending  on  T,  the 
better  fits  are  obtained  by  using  a  spectral  function  F(q,to ) 
of  either  a  single  Lorentzian  form  (of  linewidth  T  centered  at 
<u=0)  or  a  double  Lorentzian  one  (centered  on  ±<%  with  a 
linewidth  T).  These  two  forms  correspond  respectively  to  the 
Debye  model  (high  T  limit)  and  to  the  Landau-Lifshitz 
model  (low  T  limit)  in  Ref.  6.  Examples  of  fits  are  repotted 
in  Fig.  2.  In  the  approximation  to<kT,  valid  here,  the  energy 
integrated  intensity,  C2(q),  is  directly  related  to  x'(<j,<u  =  0), 
by  C2(q)*S‘(q)  =  kTx'(q,<o=0). 

The  delta  function  or  “resolution-limited”  peak  C,  con¬ 
sists  of  a  nuclear  contribution  and  possibly  of  a  magnetic 
component  with  a  characteristic  fluctuation  time  r  larger  than 
the  time  defined  by  the  experimental  resolution.  Comparing 
the  q  dependence  of  C ,  (magnetic + nuclear  contribution) 
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FIG.  3.  q  dependence  of  the  energy-integrated  intensity  C2  in  arbitrary  units 
measured  at  300  K. 


with  the  q  dependence  of  the  x-ray  profile  (mere  nuclear 
contribution)  as  in  Fig.  1  for  T= 300  K,  we  conclude  to  the 
existence  of  a  resolution-limited  magnetic  component 
(r<6x  10" 11  s)  at  this  temperature.  In  Fig.  3,  we  have  re¬ 
ported  the  q  dependence  of  the  energy-integrated  intensity  of 
the  other  magnetic  component  C2(q )  at  the  same  T =300  K 
value.  The  observed  q  dependence  of  this  dynamic  magnetic 
component  is  related  to  the  spatial  extension  of  the  particle 
magnetization.  The  experimental  energy  range  (some  1(100 
of  meV,  therefore  much  smaller  than  the  Fe-Fe  exchange 
energy),  as  well  as  this  q  dependence,  ensure  that  we  are 
observing  the  dynamics  of  the  particles,  fluctuating  as  a 
whole.  This  dynamical  component  is  described  now. 

In  Fig.  4  we  have  reported  the  temperature  dependence 


FIG.  4.  Temperature  dependences  of  the  transverse  susceptibility  *'(<?, 
<u=0),  the  T  and  u*,  parameters  deduced  from  the  single  Lorentzian  or 
double  Lorentzian  analysis  of  the  energy  spectrum  at  g  =0.0775  A-1. 
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of  T,  Wo,  and  V  for  the  intermediate  q  =0.0775  A~l  value. 
The  energy  line  shape  of  the  spectrum  allows  us  to  define 
three  distinct  temperature  regimes  when  decreasing  T. 

(i)  In  the  first  regime  corresponding  to  500  K>7'>200 
K,  the  energy  spectrum  is  quasielastic  (see  Fig.  2  for  7"= 300 
K),  namely,  better  described  by  one  Lorentzian  (<uu •<[’).  The 
linewidth  T  is  roughly  temperature  independent  down  to  350 
K  and  increases  below  whereas  the  susceptibility  is  close  to 
l/T.  (ii)  In  the  second  regime,  200  K>T>50  K,  the  signal 
appears  weakly  inelastic  («Hj>D  with  heavily  damped 
modes  (see  Fig.  2  for  T= 75  K).  In  this  T  range  the  trans¬ 
verse  susceptibility  exhibits  a  plateau.  As  T  decreases  fur¬ 
ther,  <uu  increases  up  to  a  maximum  value  and  decreases 
beyond.  In  this  same  T  range  the  damping  T  value  is  roughly 
constant  and  increases  when  ii%  decreases,  (iii)  Finally,  be¬ 
low  50  K,  the  energy  spectrum  appears  again  better  fitted 
with  a  single  Lorentzian  (ug<*r).  The  transverse  susceptibil¬ 
ity  starts  to  increase  steeply  with  a  variation  very  dose  to 
l/T.  The  two  other  q  values  show  the  same  three  temperature 
regimes  but  one  observes  a  significant  shift  of  the  transitions 
towards  higher  T  for  the  smallest  q  and  lower  T  for  the 
larger  q.  Since  one  expects  the  change  of  regimes  ruled  by 
the  KV/kT  ratio,  these  shifts  can  be  easily  explained  by  a 
volume  effect  observed  here  through  the  q  dependence.  The 
evolution  observed  at  the  intermediate  q =0.0775  A-1  value 
appears  therefore  characteristic  of  the  behavior  of  a  panicle 
with  an  intermediate  size  in  the  distribution. 

As  for  the  previous  sample,  one  can  attribute  this  dy¬ 
namical  magnetic  component  to  the  “transverse"  fluctua¬ 
tions  of  the  single  particle  magnetization.  Accordingly,  the 
slow  dynamics  revealed  by  the  magnetic  contribution  in  the 
resolution-limited  peak,  may  correspond  to  the  “longitudi¬ 
nal”  fluctuations  or  relaxation  between  the  metastable  states. 
These  definitions  are  meaningful  locally,  that  is  to  say  for  a 
single  particle  anisotropy  direction.  In  the  high-temperature 
regime,  the  overall  striking  result  is  the  similarity  between 
these  observations  and  those  made  in  the  previous  sample, 
with  essentially  a  strong  shift  towards  higher  temperatures  in 
the  present  sample.  From  350  K  up  to  the  highest  T  value 
(480  K),  the  T  linewidth  has  reached  a  nearly  tempeiature- 
independent  value  (0.013  meV)  very  close  to  the  asymptotic 
one  (~0.01  meV)  measured  above  100  K  in  the  previous 
sample.4  In  particular,  we  never  observe  the  increase  of  T 
with  T  predicted  by  theory.  We  are  faced,  therefore,  with  the 
same  puzzling  result  as  before.  As  already  noticed,  this  as¬ 
ymptotical  value,  when  converted  in  effective  anisotropy 
field  (r=y H'",  yields  a  KtB  value  (K* 


-5x  10s  erg/cm3)  very  close  to  that  expected  for  Fe  anisot¬ 
ropy.  Whether  this  result  is  meaningful  or  not,  remains  to  be 
checked  by  investigating  other  kinds  of  particles.  Below  350 
K,  the  increase  of  I'  as  T  decreases  is  very  likely  related  to  a 
preliminary  effect  of  interparticle  interaction.  This  is  com¬ 
forted  by  the  occurrence  of  some  short  range  interparticle 
order  revealed  by  SANS  experiment  at  these  temperatures 
and  which  will  be  reported  later.  The  quasielastic  nature  of 
the  dynamical  signal  as  well  as  the  l/T  behavior  of  y'(  7). 
which  were  already  observed  in  the  previous  sample,  indi¬ 
cate  that  this  regime  is  close  to  the  “isotropic"  one.  Never¬ 
theless,  unlike  the  previous  study,  the  isotropic  regime  is  not 
completely  reached  even  at  480  K  since  we  still  observe 
some  magnetic  intensity  in  the  C,  component  at  this  7  value. 

Below  200  K,  we  observe  an  inelastic  line  shape  in 
agreement  with  theory.*’  It  corresponds  to  the  evolution  to¬ 
wards  the  precession  mode  of  the  Landau-Lifshitz  equation. 
One  expects  y*  to  obey  a  1/uy,  variation,  which  is  m  qualita¬ 
tive  agreement  with  the  observations.  In  the  present  case,  this 
transition  may  be  driven  by  temperature  as  well  as  by  the 
interparticle  coupling,  this  latter  producing  an  enhancement 
of  the  effective  anisotropy  Ken  as  discussed  in  Refs.  1  and  4. 
Therefore,  down  to  200  K,  the  transverse  excitations  can  be 
described  in  terms  of  local  modes,  indicating  that  the  inter- 
particle  interactions  which  are  strongly  temperature  depen¬ 
dent,  are  still  weak.  Below  50  K,  a  kind  of  “reentrant''  be¬ 
havior  occurs,  revealed  by  the  steep  increase  of  the 
susceptibility  whereas  the  energy  spectrum  turns  back  to¬ 
wards  a  quasielastic  line  shape.  Clearly,  in  this  new  regime, 
the  competing  interparticle  interactions  have  destroyed  the 
local  modes.  It  must  be  noticed  that  this  new  regime  is  ob¬ 
served  in  the  transverse  dynamics  only,  since  no  special 
changes  occur  in  the  short  range  imeiparticle  ordering  ob¬ 
served  by  SANS. 
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Magnetic  properties  of  fine  Ni  particles  coated  with  Pd  (abstract) 
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Ni-Pd  composite  fine  particle  is  an  ideal  system  to  study  surface  and  interface  magnetism  because 
of  its  large  surface  area  compared  with  the  total  volume.  In  this  work,  magnetic  properties  of  Ni-Pd 
composite  fine  particles  were  studied  in  terms  of  the  magnetic  proximity  effect  and  the  effect  of 
hydrogenation.  The  composite  particle  consists  of  Ni  core  and  Pd  shell.  Five  different  particles  with 
different  Pd  shell  thicknesses,  50,  100,  150,  200,  and  350  A,  were  prepared.  The  average  diameter 
of  the  Ni  core  is  about  0.7  ^m.  The  Curie  temperatures  of  all  the  samples  are  lying  around  630  K 
and  are  nearly  equal  to  that  of  a  bulk  Ni.  Unlike  pure  Ni,  the  samples  exhibit  a  relatively  large 
coercive  force  of  a  few  hundred  Oersted  in  the  temperature  range  from  4.2  to  750  K.  The 
magnetization  of  the  Ni  core  is  found  to  be  somewhat  lower  than  that  of  pure  Ni.  An  enhanced 
interface  anisotropy  due  to  the  Pd  coating  ( —  1.5X105  i/m3)  seems  to  impede  saturation.  Before 
hydrogenation,  there  appears  quite  a  large  thermal  hysteresis.  On  heating,  the  isofield  magnetization 
exhibits  ferromagnetic  behavior  with  a  rise  of  magnetic  moment  below  30  K,  suggesting  that  there 
is  induced  magnetization  in  the  Pd  shell.  The  change  in  magnetization  follows  the  Curie-Weiss  law, 
which  gives  a  Curie  temperature  of  22  K.  However,  the  steep  rise  of  magnetization  is  not  observed 
in  the  cooling  process.  After  hydroge-iauon.  this  ferromagnetic  behavior  completely  vanishes.  There 
is  also  observed  no  lattice  expansion,  but  this  isovolumetric  constraint  seems  to  have  little  change 
on  the  saturation  hydrogen  loading. 


Nuclear  magnetic  resonance  studies  on  the  surface  magnetism 
of  vanadium  ultrafine  particles  (abstract) 

Yukihiro  Hirayama,  Tomoki  Erata,  Eiji  Kita,  and  Akira  Tasaki 

Institute  of  Applied  Physics,  University  of  Tsukuba,  Tsukuba.  Ibaraki,  Japan 

Nuclear  magnetic  resonance  studies  were  ranted  out  on  the  ultrafine  particles  of  vanadium  prepared 
by  the  gas  evaporation  method  for  making  clear  its  Curie-Weiss  like  magnetism,  which  appeared 
besides  the  ordinary  Pauli  paramagnetism  reported  already.1  The  observed  NMR  signal  was 
composed  of  two  lines;  one  of  those  signals  was  identified  as  being  from  metal  vanadium  because 
of  its  Knight  shift,  0.58%,  and  the  other  line  with  less  intensity  had  a  0.7%  Knight  shift.  Since  the 
relative  intensity  of  this  low  field  shifted  line  was  proportional  to  the  inverse  diameter  of  the  particle 
and  increased  with  the  decrease  of  temperature,  this  line  can  be  identified  as  being  from  the  surface 
region  of  the  particles.  The  spin-lattice  relaxation  time  of  the  surface  region  has  shown  the 
Corringa’s  relaxation,  which  indicates  that  the  surface  electrons  show  metallic  character.  The 
resonance  line  with  a  0.7%  Knight  shift  originated  from  surface  vanadium  suggests  the  existence  of 
the  narrow  band  at  its  Fermi  level  and  a  rather  localized  character  of  the  surface  electrons,  and  this 
characteristic  surface  region  increases  with  lower  temperatures.  The  origin  of  the  observed 
temperature  dependent  paramagnetism  of  vanadium  ultrafine  particles  can  be  considered  as  the 
surface  magnetism  stilt  having  a  metallic  character. 


1  H.  Akoh  and  A.  'tasaki,  J.  Phys.  Soc.  Jpn.  42.  791  (19771. 
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Polyphase  eddy  current  testing  is  proposed.  The  operating  principle  of  this  system  is  as  follows.  The 
polyphase  eddy  current  testing  system  may  be  regarded  as  one  of  the  polyphase  transformers. 
Primary  balanced  polyphase  coils  are  star  connected  and  secondary  polyphase  circuits  are  composed 
of  the  target.  When  balanced  polyphase  currents  are  fed  into  the  primary  coils,  zero  phase  voltage 
is  dc  ;cted  if  the  target  has  defects.  No  zero  phase  voltage  is  detected  if  the  target  has  no  defects. 
It  is  found  that  this  method  has  a  higher  sensitivity  compared  with  that  of  conventional  eddy  current 
testing. 


I.  INTRODUCTION 

The  search  for  ciucks  and  defects  is  one  of  the  most 
important  elements  of  the  nondestructive  testing  of  many 
equipments,  e.g.,  elevators,  escalators,  lifts,  etc.  Various  test¬ 
ing  methods,  such  as  eddy  current  testing,  electric  potential 
method,  ultrasonic  wave  imaging,  and  x-ray  tomography,  are 
currently  utilized.1  ~7  Among  these  methods,  eddy  current 
testing  method  does  not  require  complex  electronic  circuits 
and  direct  contact  to  object.  Further,  objects  of  which  major 
frame  parts  are  composed  of  conductive  metallic  materials 
can  be  selectively  inspected  by  eddy  current  sensors.  In  the 
present  article,  we  propose  a  novel  eddy  current  testing 
method  utilizing  polyphase  alternating  currents.  The  operat¬ 
ing  principle  of  this  new  method  is  as  follows.  First,  the 
polyphase  eddy  current  testing  system  may  be  regarded  as  a 
polyphase  transformer.  Primary  balanced  polyphase  coils  are 
star  connected  and  secondary  polyphase  circuits  are  com¬ 
posed  of  the  target.  When  balanced,  polyphase  currents  are 
fed  into  the  primary  coils,  zero  phase  voltage  is  detected  if 
the  target  has  defects,  no  zero  phase  voltage  is  detected  if  the 
target  has  no  defects.  Conventional  eddy  current  testing 
method  detects  only  the  input  impedance  difference  caused 
by  the  defects  in  the  target.  As  an  initial  test,  we  measured  a 
zero  phase  input  impedance  instead  of  zero  phase  voltage.  It 
was  found  that  our  new  method  clarified  a  possibility  to  en¬ 
hance  the  sensitivity  of  the  eddy  current  testing  compared 
with  conventional  eddy  current  testing. 

II.  POLYPHASE  EDDY  CURRENT  TESTING 
A.  Conventional  eddy  current  testing 

As  shown  in  Fig.  1  the  conventional  eddy  current  testing 
(ECT)  system  may  be  regarded  as  a  single-phase  trans¬ 
former.  The  equivalent  transformer  is  composed  of  the  pri¬ 
mary  exciting  coil  having  resistance  R  ,  and  self-inductance 
L  | ,  and  the  secondary  coil,  being  the  metallic  target  having 
resistance  R2  and  self-inductance  L2-  Let  us  denote  M  as  a 
mutual  inductance  between  the  primary  and  secondary  cir¬ 
cuits  and  k  as  a  coupling  factor  defined  by 


M 

-  -  - - - ,  0<*<1.  (1) 

\jL  \L- 

If  there  are  no  defects  in  the  target,  this  would  correspond  to 
the  secondary  circuit  short  (/?,=0)  and  input  impedance  Z 
becomes 

Z=R,+jt»Lt(l-k2).  (2) 

If  there  are  defects,  then  resistance  of  the  secondary  circuit 
becomes  /f2“s=0.  and  the  input  impedance  Z  changes, 

Z=f?i  +  ;w/.,.  (3) 

Analyzing  Eqs.  (2)  and  (3)  it  is  obvious  that  the  sensitivity  of 
conventional  ECT  depends  on  the  parameters  u i,  £ , ,  and  k . 
Therefore,  it  is  desirable  that  the  inductance  L ,  as  well  as 
coupling  factor  k  are  as  large  as  possible,  but  due  to  the  skin 
effect,  it  is  not  desirable  to  increase  the  angular  velocity  at. 
To  detect  defects  in  axial  as  well  as  circular  directions  from 
the  interior  of  cylindrical  pipe,  a  multicoil  ECT  system, 
shown  in  Fig.  2  may  be  used.  However  each  of  the  coils  in 
multicoils  is  scanned  by  complex  electronic  circuits;  also,  the 
scanning  speed  is  limited  by  the  relaxion  time  of  eddy  cur¬ 
rent. 


FIG.  1 .  Principle  of  conveniional  eddy  current  testing  system 
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primary  coils 


FIG.  2.  Multicoil  eddy  current  testing  system. 


B.  Polyphase  eddy  current  testing 

In  this  article  we  propose  a  novel  eddy  current  testing 
method  utilizing  polyphase  alternating  currents  in  order  to 
increase  the  sensitivity  of  ECT  system.  The  polyphase  ECT 
system  consists  of  polyphase  coils  and  target.  This  system 
may  be  considered  as  a  polyphase  transformer.  Primary  bal¬ 
anced  polyphase  coils  are  star  connected.  Secondary 
polyphase  circuits  are  composed  of  the  target  (see  Fig.  3). 
For  a  star-connected  system,  with  the  time  origin  taken  at  the 
maximum  positive  point  of  the  phase  a  voltage  wave,  the 
instantaneous  voltages  of  the  three  phases  are 

V,  =  vlV  cost  air  Re( 

Vt=vlVcos(a)r-:^J  =vl  Re(e>l",-<J,,'-,|I).  (4) 

V,.  =  v^Vcos(  wt  +  ^-J  =  y/lV  Re(e^",+,:’"'SI*), 

where  V  is  the  rms  value  of  the  phase  voltage.  Considering  a 
operator  defined  by 

a  =  (5) 

we  can  express 

V0=^Va+Vh+Ve), 

Vr=kV*+a2V„  +  aVc),  (6) 

tV“i (V.+aV>+a2Vc). 

where  Vy,  Vp  and  VN  are  the  zero  sequence,  positive  se¬ 
quence,  and  negative  sequence.  For  the  balanced  three  phase 
voltages,  they  become 


FIG.  4.  The  balanced  polyphase  current  system  used  to  scan  the  target. 


FIG.  5.  Tested  target  tube  with  a  defect  (unit  of  mmi. 


probe  of  the 
polyphase  ECT 


FIG.  6.  Tested  conventional  eddy  current  sensor  with  a  =5  mm,  b  =  5  mm, 
c-  35  mm,  d=  10  mm,  and  50  turns. 


FIG.  3.  Polyphase  eddy  cunent  sensor. 


FIG.  7.  Tested  polyphase  eddy  current  sensor  with  d  =  20  mm.  c=35  mm. 
The  number  of  turns  is  50  or  80. 
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FIG.  8.  The  change  of  {he  inductance  in  x  direction  using  conventional  eddy 
current  testing. 

V'o  =  0, 

VP=V2V  Re(e'"'),  (7) 

Vv  =  0. 

Figure  4  shows  that  with  balanced  polyphase  currents, 
the  primary  coils  generate  a  revolving  magnetic  held  and  this 
is  used  to  scan  the  target. 

To  detect  defects  in  the  target,  balanced  polyphase  cur¬ 
rents  are  fed  into  the  primary  coils  and  the  zero  phase  volt¬ 
age  V,,  is  measured.  If  the  target  has  defects  then  zero  phase 
voltage  V„  is  detected.  If  the  target  has  no  defects  then  zero 
phase  voltage  Vtl  is  not  detected.  Conventional  eddy  current 
testing  method  detects  only  the  input  impedance  difference 
caused  by  defects  in  the  target. 

III.  EXPERIMENTAL  MODEL  AND  RESULTS 

In  order  to  investigate  the  efficiency  of  the  proposed 
novel  ECT  system,  a  tube  target  with  defect  shown  in  Fig.  5 
was  examined.  First,  conventional  ECT  was  applied  to  detect 
the  defect.  Figure  6  shows  that  a  conventional  eddy  current 
sensor  with  two  serial  connected  coils  was  used.  The  input 
impedance  was  measured  by  a  resistance  bridge.  The  experi¬ 
mental  frequency  was  1  kHz.  Second,  the  polyphase  eddy 
current  sensor,  as  shown  in  Fig.  7,  was  employed  to  examine 
the  target.  Polyphase  coils  were  star  connected  and  supplied 
with  balanced  polyphase  currents.  In  order  to  compare  the 
sensitivity  of  this  method  with  conventional  ECT,  the  zero- 
phase  impedance  was  measured  instead  of  the  zero-phase 
voltage. 

Results  showing  the  change  of  inductance  in  the  x  direc¬ 
tion  around  the  defects  applying  both  conventional  and 
polyphase  ECTs  are  presented  in  Figs.  8  and  9,  respectively. 
The  polyphase  eddy  current  sensors  with  50  and  80  turns  are 
used  in  Figs.  9(a)  and  9tb),  correspondingly. 

The  results  of  Fig.  8  show  the  change  of  inductance 
corresponding  to  the  change  of  the  field  distribution  in  the 
coil  volumes  during  movement  in  x  direction.  The  changes 
of  the  field  distribution  are  produced  by  the  defect,  which 
changes  the  impedance  of  the  target,  and  the  coupling  be¬ 
tween  target  and  primary  coils,  respectively.  Figures  9(a)  and 


FIG.  9.  The  change  of  the  inductance  in  x  direction:  (a I  polyphase  eddy 
current  testing  with  50  turns:  lb)  polyphase  eddy  current  testing  with  SO 
turns. 

9(b)  show  that  the  defect,  increasing  the  impedance  of  the 
target  (secondary  circuits)  caused  a  change  of  the  imped¬ 
ances  of  the  primary  coils.  This  lead  to  an  unbalanced 
polyphase  current  system.  Near  the  defect  the  zero-phase 
voltage  appeared  and  zero-phase  impedance  changed  with 
position  of  the  probe  coils  during  the  x  direction.  The  induc¬ 
tance,  corresponding  to  zero-phase  impedance,  began  to  in¬ 
crease  around  the  defect.  It  reached  a  maximum  when  the 
middle  of  the  polyphase  coils  was  under  the  defect.  After 
that,  moving  the  polyphase  coils  in  the  x  direction,  the  in¬ 
ductance  decreases  depending  on  the  impedance  of  the  sec¬ 
ondary  circuits.  Figures  9(a)  and  9(b)  show  that  changing  the 
number  of  turns  it  is  possible  to  increase  the  sensitivity  using 
the  polyphase  ECT.  Thus,  we  succeeded  to  obtain  0.78% 
relative  measured  difference  applying  polyphase  ECT  with 
50  turns  while  using  polyphase  ECT  with  80  turns  or  con¬ 
ventional  ECT  it  is  0.37%  or  0.49%.  respectively.  Instead  of 
zero-phase  impedance,  we  measured  a  zero-phase  voltage. 
This  increases  the  sensitivity  of  our  new  polyphase  ECT. 

IV.  CONCLUSION 

We  proposed  a  novel  ECT  to  detect  defects  in  targets. 
Experimental  work  concerning  the  ECT  system  utilizing 
polyphase  alternating  currents  has  been  carried  out.  Star  con¬ 
nection  and  balanced  polyphase  currents  are  used  as  primary 
coils.  Examination  of  the  zero  phase  voltage  was  proposed  to 
detect  the  defects.  Comparison  with  conventional  ECT  was 
made.  It  has  been  demonstrated  that  the  new  method  en¬ 
hances  the  sensitivity  of  the  eddy  current  testing  compared 
with  conventional  ECT. 
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Among  the  various  nondestructive  testing  methods,  the  electric  potential  method  requires  relatively 
simple  device  and  measurement.  However,  because  of  the  high  electrical  contact  resistance, 
sometimes  it  is  difficult  to  measure  the  correct  local  electric  potentials  by  direct  contact.  In  order  to 
overcome  this  difficulty,  method  is  proposed  which  involves  substituting  the  local  magnetic  field  for 
electric  potential  measurements.  The  comparison  with  the  conventional  electric  potential  method 
demonstrates  the  usefulness  this  method,  especially  for  materials  with  low  resistivity. 


I.  INTRODUCTION 

In  order  to  prevent  accidents  in  aircraft,  iron  bridges,  and 
nuclear  reactors,  crack  or  defect  recognition  is  of  paramount 
importance.  Various  nondestructive  testing  methodologies, 
e.g..  eddy  current  testing,  x-ray  computed  tomography,  ultra¬ 
sonic  imaging,  and  the  electric  potential  method,  have  been 
exploited  and  utilized.  Among  these  methods,  the  electric 
potential  method  requires  relatively  simple  instruments  and 
techniques.1-'  However,  because  of  the  high  electrical  con¬ 
tact  resistance  and  relatively  low  resistance  of  the  target, 
sometimes  it  is  difficult  to  measure  the  correct  local  electric 
potentials  by  direct  contact.  In  order  to  remove  this  difficulty, 
we  propose  a  new  method  which  substitutes  the  local  mag¬ 
netic  field  for  electric  potential  measurements.  This  makes  it 
possible  to  implement  the  electric  potential  method  without 
requiring  direct  contact  to  measure  potentials.  Most  of  the 
defect  recognition  problems  are,  in  essence,  reduced  to  solv¬ 
ing  inverse  problems.  Previously,  the  current  distributions  in 
the  human  heart  and  brain  have  been  successfully  estimated 
from  the  local  magnetic  fields  by  the  sampled  pattern  match¬ 
ing  (SPM)  method.  The  SPM  method  has  been  exploited  for 
solving  the  inverse  source  problems,  and  this  is  applicable  to 
defect  recognition  problems,  i.e.,  medium  parameter  identi¬ 
fication  problems.4  7  We  apply  this  SPM  method  with  some 
modifications  to  our  new  electric  potential  method.  The  com¬ 
parison  with  the  conventional  electric  potential  method  dem¬ 
onstrates  the  usefulness  of  our  new  method,  especially  for 
materials  with  low  resistivity. 

II.  PROJECTIVE  SAMPLED  PATTERN  MATCHING 
METHOD 

A.  Key  Ideas 

Let  C,  X,  Y,  be  the  system  matrix,  potential,  and  input 
current  vectors,  respectively.  Then,  it  is  possible  to  write 

CX=Y„  (I) 

as  a  discretized  electric  current  flowing  system  equation  of  a 
conductive  material  having  a  defect  or  crack.  This  system 
equation  can  be  modified  into 

C0X=(C„-C)X+Y,=  Y+Y„  (2) 


where  C„  is  a  system  matrix  without  a  defect  or  crack.  This 
means  that  the  potential  vector  X  is  composed  of  the  two 
input  vectors  Y  and  Ys .  The  vector  Y  is  the  equivalent  field 
source  vector 

Y  =  (C„-C)X.  (3) 

caused  by  the  defect  or  crack.  The  vector  Y,  is  the  externally 
impressed  field  source  vector.  Thus,  the  defect  or  crack  rec¬ 
ognition  problems  can  be  reduced  into  the  equivalent  source 
vector  Y  searching  problems.  Obviously,  this  equivalent 
source  vector  Y  depends  on  the  solution  vector  X.  Further, 
this  solution  vector  X  is  a  function  of  the  externally  im¬ 
pressed  field  source  vector  Yt.  Thereby,  the  equivalent 
source  vector  Y  can  be  expressed  as  a  function  of  the  im¬ 
pressed  field  source  vector  Y, .  That  is, 

Y=/(  Ys).  (4) 

Introducing  this  functional  relationship  into  our  SPM 
method  leads  to  the  following  advantages.  First,  this  method 
requires  a  quite  low  CPU  resource  compared  with  those  of 
the  original  SPM  method,  because  the  SPM  process  has  to  be 
carried  out  only  for  the  vectors  satisfying  the  relationship 
(4).  Second,  relatively  accurate  solutions  can  be  expected, 
because  one  of  the  characteristics  of  the  solution  vector  Y  is 
known.  Finally,  changing  the  direction  of  vector  Y,  reaches 
the  correct  solution  vector  Y  similar  to  the  computed  tomog¬ 
raphy.  This  new  method  is  called  the  projective  sampled  pat¬ 
tern  matching  (PSPM)  method,  because  the  functional  rela¬ 
tionship  (4)  is  the  directional  dependence  of  the  known 
vector  Ys.  In  the  present  article,  we  examine  the  character¬ 
istics  of  the  PSPM  method.  As  a  result,  we  propose  here  the 
simple  implementation  techniques  to  improve  the  accuracy 
of  PSPM  method. 

B.  System  equations 

In  Eq.  (2),  let  us  assume  that  C0  is  a  square  matrix  of 
‘  size  m  by  m;  X,  Y,  and  Y,  are  the  mth-order  column  vectors, 
then  taking  the  inverse  matrix  of  C0  and  multiplying  it  to 
both  sides  of  Eq.  (2)  yields 

X=C(7  ’Y+Cq  'Y,=C0  'Y  +  Xfl,  (5) 

where  Xo  ( =  C(j  1  YSJ  is  a  potential  vector  without  a  defect  or 
crack.  Subtracting  X,,  from  Eq.  (5),  we  have 

Xrf=X-Xo  =  C0-lY.  (6) 
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FIG.  1.  Single  defect  recognition  by  measuring  the  electric  potential  around 
a  target  area,  (a)  y  vs  number  of  the  pilot  points  in  the  processes  of  electric 
potential  method,  (b)  exact  solution,  (c)  recognized  defect  by  measuring  the 
electrical  potentials  (d)  recognized  defect  by  measuring  the  magnetic  fields. 
The  number  of  subdivisions  m  =  1801,  and  the  number  of  measured  points 
n  —  72 .  The  direction  of  the  externally  impressed  current  input  vector  Y, 
was  changed  72  times  with  5°  subdivision. 


FIG.  2.  Plural  defects  recognition  by  measuring  the  electric  potential  around 
a  target  area,  (a)  y  vs  pilot  points  in  the  processes  of  electrical  potential 
method,  (b)  exact  solution,  (c)  recognized  defect  by  measuring  the  electrical 
potentials  Id)  recognized  defect  by  measuring  the  magnetic  fields.  The  num¬ 
ber  of  subdivisions  m=  1801,  and  the  number  of  measured  points  n-  72. 
The  direction  of  the  externally  impressed  current  input  vector  Y,  was 
changed  72  times  with  5°  subdivision. 


Generally,  it  is  difficult  to  measure  the  entire  difference 
vector  Xd  in  Eq.  (6)  so  that  we  can  only  obtain  a  part  vector 
Xp  of  Xd .  This  yields  the  system  equations  of  the  defect  or 
crack  recognition  problem.  Namely,  denoting  n  as  a  number 
of  measured  points,  we  have 

m 

X,=flY=lM,  (7) 

i=  1 

where  D  and  Xp  are  the  n  by  m  partial  matrix  in  C0  1  and 
measured  difference  vector  with  order  n,  respectively.  The  y, 
and  d,  in  Eq.  (7)  are  the  ith  element  of  Y  and  ith  column 
vector  in  D,  respectively. 


y,  =  0. 

Pilot  point  solutions  of  Eq.  (7)  mean  that  the  magnitude 
of  the  solution  is  represented  by  the  space  occupying  rate  of 
unit  input. 

D.  PSPM  method 

The  SPM  method  is  applicable  to  inverse  problems 
where  the  solution  vector  Y  is  not  a  function  of  the  known 
function  Y,, 

Y*/(Y,).  (10) 


C.  Sampled  pattern  matching  SPM  method 

If  a  point  h  takes  the  maximum  of 

y,  =  Xj.d,/(|X„||d,|>,  i'=  1,2,. ...m,  (8a) 

then  h  is  the  first  pilot  point.  If  a  point  g  takes  the  maximum 
of 

r*/  =  Xp-(d*  +  d/)/(|X(,||d*  +  d/|),  i  - 1,2 

(8b) 

then  g  is  the  second  pilot  point.  A  similar  process  to  Eq.  (8a) 
or  (8b)  is  continued  up  to  the  first  peak  of  y.5-6 

Thus,  the  pilot  point  solutions  are  given  by  the  follow¬ 
ing. 

If  i  is  a  pilot  point,  then : 

y>= U 

if  i  is  not  a  pilot  point,  then :  (^) 


However,  if  a  relationship  (4)  is  established,  then  the 
SPM  processes  are  carried  out  only  to  the  vectors  d,  (i 
=  I,2,...,m)  satisfying  the  relationship  (4). 

If  medium  parameter  identification  problems  satisfy  re¬ 
lationship  (4),  the  SPM  processes  is  continued  up  to  the  ith 
piiot  point  until  the  following  condition  is  satisfied: 


IV 


* 

j=  I 


2  di-2  d, 

;=i  /»i 


(11) 


where  the  vector  X,lf>  is  composed  of  the  measured  potentials 
having  a  defect  or  crack. 

This  method  is  called  the  PSPM  method.  The  PSPM 
method  has  the  following  advantages:  (i)  low  CPU  resource; 
(ii)  relatively  accurate  solutions;  (iii)  changing  the  projective 
angles  with  Y,  and  taking  the  average  of  entire  solutions  to 
reach  the  correct  solution  vector;  (iv)  the  pilot  point  solutions 
are  available  if  the  known  vector  X  encloses  a  target  area. 


5908  J.  Appt.  Phys.,  Vot.  75,  No.  10.  15  May  1994 


Doi  et  at. 


(b)  <c> 

FIG.  3.  Improved  plural  defects  recognition:  (a)  Improvement  by  shrinking 
the  target  area,  (b)  and  (c)  show  improved  results  by  removing  the  pilot 
points  up  to  the  first  peak  for  the  electric  potential  and  its  modified  methods, 
respectively. 


A  curve  obtained  by  plotting  the  pattern  matching  rate  y 
in  Eq.  (8a)  or  (8b)  versus  number  of  the  pilot  points  reveals 
(i)  if  the  curve  continuously  increases  with  addition  of  pilot 
points  then  the  target  area  has  a  single  defect  or  indistin¬ 
guishable  plural  defects;  (ii)  if  the  curve  has  a  deflection 
point  then  the  object  has  plural  defects.  In  this  case,  each  of 
the  plural  defects  can  be  distinguished  by  shrinking  the  target 
area  or  removing  the  pilot  points  up  to  the  first  peak  value  of 
y.  This  is  because  the  pilot  points  up  to  the  fiist  peak  value  of 
y  provide  globally  good  pattern  matching  vectors  common  to 
the  entire  defects. 

E.  Examples 

The  two-dimensional  electric  potential  method  was  cho¬ 
sen  as  the  example.  The  electric  potential  method  was  carried 
out  not  only  in  the  conventional  way  but  atso  the  modified 
way,  which  measured  the  magnetic  fields  instead  of  the  elec¬ 
tric  potentials. 

Figure  1(a)  shows  one  of  the  y  versus  number  of  pilot 
points  curves  in  the  processes  of  the  electric  potential 
method.  Obviously,  this  curve  continually  increases  with  ad¬ 
dition  of  pilot  points,  so  that  the  target  area  has  a  single 
defect.  In  fact,  results  of  PSPM  method  show  the  single  de- 
fect  as  shown  in  Figs.  1(c)  and  1(d). 

Figure  2(a)  shows  one  of  the  y  versus  number  of  the 
pilot  points  curves.  This  curve  has  a  deflection  point,  so  that 
the  target  area  must  have  the  plural  defects.  In  fact,  the  result 
of  the  PSPM  method  shows  the  plural  defects  as  shown  in 
Figs.  2(c)  and  2(d). 

Figure  3(a)  shows  improved  plural  defects  recognition 


(a)  (b) 

FIG.  4.  The  examples  taking  an  average  of  the  results  obtained  by  electric 
potential  and  its  modified  methods  (exact  solution):  (a)  two  defects,  (b)  three 
defects. 

by  shrinking  the  target  area.  Also,  Figs.  3(b)  and  3(c)  show 
improved  plural  defects  recognition  by  removing  the  pilot 
points  up  to  the  first  peak  of  y. 

It  must  be  noted  here  that  the  electric  potential  method 
always  yields  overestimated  results  in  defect  size.  Con¬ 
versely,  the  modified  method  yields  underestimated  results. 
Therefore,  if  it  is  possible  to  measure  both  electric  potentials 
and  magnetic  field,  the  defect  will  stand  midway  between  the 
results.  Figure  4  shows  examples  of  taking  an  average  of 
both  results. 

Thus,  the  electric  potential  and  its  modified  methods  in 
combination  with  PSPM  provide  highlv  reliable  results  even 
if  the  plural  defects  are  included  in  the  target  region. 

III.  CONCLUSION 

As  shown  above,  we  have  examined  the  PSPM  method 
and  proposed  the  methods  of  the  improvement  for  the  plural 
defects  recognition  problems.  Examples  have  demonstrated 
that  the  plural  defects  recognition  is  improved  by  our 
method. 
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Component-resolved  imaging  of  surface  magnetic  fields 
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Successful  imaging  is  demonstrated  of  the  three  individual  Cartesian  components  of  the  vector 
magnetic  field  from  a  magnetized  surface.  This  is  accomplished  by  exploiting  the  capability  of  the 
magnetic  force  scanning  tunneling  microscope  to  generate  two-dimensional  mapping  of  definite 
combinations  of  orthogonal  magnetic-field  components.  This  method  is  applied  to 
well-characterized  patterns  on  thin-film  longitudinal  recording  media  and  some  peculiar 
characteristics  of  recorded  magnetization  patterns  are  found,  including  the  presence  ot  a  significant 
cross-track  magnetization  component  persisting  along  the  track  edges.  The  experimental  approach 
and  the  unique  physical  insights  acquired  by  simultaneously  investigating  individual  magnetic-field 
components  are  discussed. 


I.  INTRODUCTION 

Despite  obvious  fundamental  impetus  and  potentially  ex¬ 
tensive  technological  applications,  high-resolution  imaging 
of  individual  components  of  the  vector  magnetic  field  near 
magnetic  surfaces  has  not  yet  been  accomplished.  Lorentz 
transmission  electron  microscopy  (TEM)1  and  spin-polarized 
scanning  electron  microscopy2  yield  images  of  minute  mag¬ 
netization  structures,  but  not  the  field  components  exclu¬ 
sively.  Electron-holographic  interferometry3  is  capable  of  di¬ 
rect  observations  of  magnetic-field  lines  in  two  dimensions, 
and  it  would  be  interesting  to  see  its  capability  extended  to 
differentiate  components  of  the  field  along  the  surface  plane 
as  well.  Other  field  sensing  devices  such  as  those  based  on 
the  principles  of  Faraday  induction,  magnetoresistance,  Kerr 
effect.  Hall  effect,  superconducting  quantum  interference, 
and  magnetostriction,  at  present,  suffer  from  several  inherent 
limitations.  They  eithe-  lack  adequate  sensitivity,  have  lim¬ 
ited  spatial  resolution,  or  face  formidable  technical  difficul¬ 
ties  in  detecting  individual  components  separately. 

One  class  of  microscopy  collectively  called  scanning 
probe  microscopy  offers  the  best  promise  in  field-component 
detection.  Spurred  by  the  invention  of  the  scanning  tunneling 
(STM)4  and  the  atomic  force  (AFM)5  microscopes,  the  tech¬ 
nique  of  magnetic  force  microscopy  (MFM)  has  lead  to  the 
imaging  of  local  variations  in  the  gradient  of  the  force  be¬ 
tween  a  probe  and  the  magnetic  field.6  Experiments  have 
shown  that  the  MFM  exhibits  sensitivity  to  specific  compo¬ 
nents  of  the  field.7  Thus  far,  notwithstanding  a  great  deal  of 
interest  in  the  scientific  community,7'10  no  systematic  dem¬ 
onstration  of  three-dimensional  field  component  imaging  ;a- 
pabilitv  has  been  reported. 

Over  the  last  few  years,  we  have  been  involved  in  the 
development  of  magnetic  force  scanning  tunneling  micros¬ 
copy  (MFSTM),'1  which  is  cognate  to  MFM,  but  fundamen¬ 
tally  different  since  this  method  does  not  map  contours  of 
constant  force10  or  force  gradient,9  but  measures  the  field 
intensity  at  a  fixed  distance  above  the  surface.12  We  have 
modeled  the  contrast  mechanism,1113  developed  special 
probes,12  and  experimentally  demonstrated  the  images  to  be 
proportional  to  certain  components  of  the  surface  field.14  In 
this  work,  we  extend  this  capability  and  demonstrate,  for  the 
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first  time,  high-resolution  imaging  of  the  individual  Carte¬ 
sian  field  components  of  magnetic  recording  patterns. 

II.  EXPERIMENTAL  TECHNIQUE 

Details  of  our  experimental  apparatus  and  probe  fabrica¬ 
tion  techniques  have  been  reported  elsewhere11,12  and  we 
merely  reiterate  the  main  points.  A  thin,  flexible,  triangular 
nickel  film15  is  placed  as  a  substitute  to  the  usual  rigid  STM 
tip,  and  scanned  across  the  surface  as  a  conventional  STM 
probe.16  This  piobe  geometry,  which  may  yield  somewhat 
lower  resolution  than  sharply  erhed  ferromagnetic  wires.17 
has  the  advantage  of  confining  the  probe  deflection  only 
along  its  normal  direction  which  greatly  simplifies  the  inter¬ 
action  and  corresponding  analysis.  The  probe,  biased  at  a 
small  potential,  is  placed  at  about  a  nanometer  from  the  su 
face  to  induce  tunneling  current  while  a  feedback  system 
adjusts  the  vertical  height  of  the  probe  to  keep  the  current 
constant.  This  height  is  recorded  as  a  function  of  the  probe’s 
lateral  position  and  displayed  using  computer  graphics.  The 
measurements  reflect  a  combination  of  magnetic  and  topo¬ 
graphic  structures  because  momentary  changes  in  the  gap 
come  as  a  result  of  magnetic-induced  probe  deflections  as 
well  as  the  surface  texture.  The  probe's  magnetic  and  me¬ 
chanical  properties  were  carefully  selected  to  enhance  the 
magnetic  contribution  over  the  topography11  and  to  ensure 
that  the  probe  interacts  as  a  point  magnetic  charge  at  the 
apex.14 

The  samples  were  deliberately  recorded  patterns  on  oth¬ 
erwise  ordinary  commercial  isotropic  thin-film  rigid  disk  me¬ 
dia,  and  are  identical  to  those  in  previous  studies.1"'21  We 
concentrated  on  two  pattern  arrangements,  namely:  (i)  a  se¬ 
ries  of  alternating  magnetization  with  identically  spaced  20 
/tm  periodic  transitions,  and  (ii)  a  series  with  the  same  wave¬ 
length  but  with  one  specific  magnetization  direction  longer 
(17.5  fir-'  than  the  other  (2.5  gm). 

III.  RESULTS  AND  DISCUSSION 

The  magnetic-induced  variation  in  vertical  displacement 
Az  and,  hence,  the  contrast  mechanism  is  governed  by  the 
relation11 

Az*H,  sin  6  cos  0  cos  <f>+H.  sin2  0,  (1) 

where  Hs  is  the  field  component  parallel  to  the  surface  plane 
and  along  the  direction  of  magnetization,  while  H .  is  the 
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FIG.  1.  Dependence  of  magnetic-field  images  on  the  probe  orientation  vec¬ 
tor  p.  with  enhanced  detection  of  (a)  Hx ,  (b)  Ht  and  Hy ,  and  (c)  Hy  and  Ht 
components.  The  pattern  is  an  evenly  spaced  alternating  magnetization  sche¬ 
matically  shown  in  the  bottom  of  (c). 


field  component  in  the  normal  direction.  The  angle  6  defines 
the  inclination  of  the  probe  measured  relative  to  the  surface 
normal,  while  <f>  is  the  angle  made  by  the  projection  of  the 
probe  on  the  surface  and  the  direction  of  magnetization.13 
The  image  then  represents  a  two-dimensional  mixture  of  the 
longitudinal  and  vertical  field  components,  and  the  amount 
of  relative  contributions  can  be  adjusted  by  changing  the 
probe’s  orientation.  Generalizing  Eq.  (1)  to  three  dimensions, 
we  obtain 

Az«(p-H|)sin  8  cos  8+HL  sin2  8,  (2) 

where  p  is  a  unit  vector  in  the  direction  of  probe  projection 
on  the  surface  plane.  In  this  form,  we  can  interpret  the  con¬ 
trast  mechanism  as  the  contributions  of  the  vertical  compo¬ 
nent  H±  plus  the  in-plane  field  H|  in  the  direction  of  p.  The 
dependence  of  the  image  contrast  on  p  is  illustrated  in  Fig.  1. 
In  these  images,  the  probe  was  fixed  as  the  sample  was  ro¬ 
tated  about  its  normal  axis.  The  coordinate  system  is  defined 
such  that  the  x  and  y  axes  coincide  with  the  track  (or  mag¬ 
netization)  and  cross-track  directions,  respectively. 

In  Fig.  1(a),  p=i  and  the  image  predominantly  exhibits 
the  in-plane  component  along  the  track  (if,)  which  appears 
as  equally  spaced  bright  and  dark  regions  corresponding  to 
the  alternating  magnetization  pattern.  The  line  shape  made 
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FIG.  2.  Component-resolved  surface  field  images  of  an  unevenly  spaced 
magnetization  partem.  The  tnoal  prominent  component  are  (a)  Hx .  lb)  H. 
and  Hf ,  and  (c)  H, .  The  pattern  is  an  evenly  spaced  alternating  magneti¬ 
zation  schematically  shown  in  die  bottom  of  (c). 


by  a  profile  drawn  along  the  track  agrees  quite  well  with  the 
expected  shape  of  the  Hx  component  for  this  type  of 
pattern.7,22  As  <f>  is  increased  to  about  30°,  we  find  a  moder¬ 
ately  dissimilar  image  in  Fig.  1(b)  where  p  =  (V3/2)i+  jy. 
The  Hx  content  is  now  reduced  and  combined  with  an  appre¬ 
ciable  Hy  contribution.  The  presence  of  the  Hy  component  is 
indicated  by  the  faint  appearance  of  bright  and  dark  struc¬ 
tures  localized  along  the  track  edges.  Close  inspection  re¬ 
veals  slight  enhancements  in  contrast  near  the  comers 
formed  by  the  transition  zones  and  the  edges.  This  feature 
comes  from  the  cross  track  component  of  the  fringing  field 
near  the  comers  which  arises  even  when  the  magnetization 
pattern  is  ideally  oriented  exclusively  along  the  x  axis.23  In 
addition,  since  the  edge  structure  is  not  merely  confined  at 
the  comers  but  also  forms  extended  bands  along  the  edge, 
then  the  image  of  Fig.  1(b)  suggests  a  significant  magnetiza¬ 
tion  along  the  edges  and  is  oriented  in  the  cross-track  direc¬ 
tion.  This  observation  is  further  reinforced  in  Fig.  1(c)  when 
the  probe  is  aligned  along  the  cross  track  direction  or  p=y. 
In  this  case,  the  side  bands  appear  more  prominently  because 
of  the  drastic  reduction  in  the  H,  contribution.  The  bands 
occur  as  pairs  in  opposite  directions  in  both  edges,  which 
clearly  supports  the  contention  that  layers  of  transversely  ori- 
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ented  magnetization  along  the  edges  were  inadvertently  cre¬ 
ated.  This  behavior  can  be  very  important  in  magnetic  re¬ 
cording  technology,  and  we  discuss  the  implications  in  a 
related  article.24  The  enhancements  at  the  corners  previously 
evident  in  Fig.  1(b)  are  now  less  pronounced;  this  is  because 
at  distances  close  to  the  surface,  the  fields  at  the  comers  are 
oriented  midway  between  the  two  orthogonal  i  and  y  direc¬ 
tions;  so  that  the  effect  is  most  conspicuous  at  intermediate 
probe  orientations. 

Note  in  Fig.  1(c),  that  what  used  to  be  an  alternating 
series  of  broad  Hx  distributions  in  the  interior  of  the  track  in 
Fig.  1(a)  are  now  localized  along  the  transition  regions.  This 
arises  from  the  vertical  field  component  Hi  (or  Hx)  as  de¬ 
scribed  in  the  second  term  of  Eq.  (2).  The  Hz  component  for 
this  type  of  pattern  is  localized  near  the  transition  zones 
where  V-M  is  largest.22  Since  the  coefficient  of  H L  depends 
only  on  the  inclination  angle  0,  then  H  L  contributes  the  same 
amount  to  the  image  contrast  regardless  of  p.  Its  effect,  al¬ 
beit,  is  masked  by  the  dominant  Hx  component  when  p=i. 
When  p=y,  however,  the  Hs  contribution  declines,  causing 
the  Hx  component  to  markedly  emerge.  Thus,  by  obtaining  a 
set  of  images  with  judiciously  chosen  probe  orientation 
angles  8  and  0,  we  can  reconstruct  distinct  pictures  of  all 
three  individual  field  components.  We  further  illustrate  this 
idea  in  Fig.  2. 

In  contrast  with  Fig.  1,  Fig.  2  is  a  series  of  patterns 
created  with  unequal  bit  cells,  schematically  shown  in  the 
bottom  of  the  figure.  The  image  in  Fig.  2(a)  was  obtained 
with  0—30°  and  p-x,  and  shows  the  Hx  field  component 
with  slight  hints  of  Hx  at  the  transition  regions.  As  expected, 
the  contrast  is  much  more  intense  in  areas  of  narrow  bit 
length  in  comparison  with  areas  of  long  magnetization 
lengths.  An  important  feature  of  Fig.  2(a)  is  the  presence  of 
peculiar  side  structures  which  extend  obliquely  beyond  the 
track  edges.  These  side  structures  presumably  resulted  from 
the  motion  of  the  recording  head25  and  may  have  been  fur¬ 
ther  aggravated  by  the  head’s  unequal  pole-width  geometry. 
These  side  effects,  if  present  in  actual  recording  systems, 
may  lead  to  some  noise  and  increase  the  effective  trackwidth, 
both  of  which  are  of  paramount  concern  in  the  technology.24 
The  same  track,  imaged  using  the  Hy  sensitive  scheme  is 
shown  in  Fig.  2(b).  In  this  case,  p=y,  and  the  side  bands 
shown  are  reminiscent  of  those  in  Fig.  1(c),  with  the  excep¬ 
tion  that  they  appear  to  be  absent  at  the  short  bit  length 
regions.  It  is  easy  to  imagine  that  we  arrive  at  Fig.  2(b)  by 
progressively  reducing  the  neighboring  transitions  in  Fig. 
1(c),  while  keeping  the  wavelength  fixed.  In  other  words, 
what  used  to  be  neighboring  pairs  of  bright  and  dark  regions 
at  the  transition  regions  separated  by  10  pm  (A/2)  in  Fig.  1, 
have  become  bright-dark  structures  adjacent  with  each  other. 
Finally,  in  Fig.  2(c)  the  sample  was  scanned  in  a  manner 
similar  to  that  used  in  Fig.  2(a),  i.e.,  with  p—x,  but  with  the 
inclination  angle  set  at  about  70°.  The  vertical  component 
(Hl)  completely  overrides  the  image,  more  or  less  obeying 
the  prediction  of  Eq.  (2).  We  point  out,  however,  that  this 
image  was  obtained  by  using  a  somewhat  different  probe 
which  was  specifically  chosen  to  facilitate  measurement  of 
the  angle  8  and  whose  acquired  images  have  been  exten¬ 
sively  analyzed.21  Hence,  we  cannot  directly  compare  abso¬ 


lute  intensities  between  this  image  and  the  others  since  the 
mechanical  properties  and  contrast  sensitivity  are  different. 
Nevertheless,  these  images  provide  a  plausible  demonstra¬ 
tion  on  selective  high-resolution  imaging  of  the  three- 
dimensional  components  of  the  surface  field. 

In  summary,  by  using  the  magnetic  force  scanning  tun¬ 
neling  microscope  (MFSTM),  it  is  possible  to  generate  im¬ 
ages  which  enhance  specific  magnetic-field  components  to 
show  unique  manifestations  of  the  individual  field  compo¬ 
nents.  Admittedly,  considerable  sophistication  in  both  the  ex¬ 
perimental  methods  and  theory  are  needed  to  be  able  to  com¬ 
pletely  untangle  the  individual  Cartesian  components  of 
H =[Hx,Hy,Hx).  We  are  confident,  however,  that  with  ad¬ 
vances  in  analytical  calculations  of  field  distributions23  com¬ 
bined  with  enhanced  graphics  capabilities,  it  will  be  possible 
in  the  near  future  to  completely  generate  images  of  magnetic 
field  distributions  along  any  arbitrary  spatial  direction. 
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Measurement  of  Young’s  moduli  for  film  and  substrate  by  the  mechanical 
resonance  method 

Y.  H.  Leo,  Y.  D.  Shin,  and  K.  H.  Lee 

Department  of  Physics,  Jeonbuk  National  University,  Jeonju  560-756,  Korea 

J.  R.  Rhee 

Department  of  Physics,  Sookmyung  Women  \  University,  Seoul  140-742,  Korea 

Young's  moduli  for  films  and  substrates  are  obtained  by  measurement  and  theoretical  analysis  of  the 
resonance  frequencies  for  cantilevered  substrates  with  and  without  films  in  the  flexural  vibration 
mode.  Young’s  moduli  of  7.1,  19.2,  and  21.3X1010  Pa  obtained  for  the  glass  substrate,  Ni,  and 
Ni5,Fe47  films  agree  with  the  published  values  for  bulk  material  within  10%.  Decrease  of  the 
resonance  curve  Q  value  is  observed  for  substrates  with  films,  which  implies  an  increase  of  internal 
friction. 


I.  INTRODUCTION 

The  conventional  static  method  of  bending  a  bar  with 
weight  in  measuring  Young’s  modulus'  is  hard  to  apply  to 
thin  films  on  a  substrate,  especially  for  very  small  samples. 
Young’s  moduli  of  thin  film  and  substrate,  needed  for  the 
study  of  magnetostriction  in  thin  films,  have  used  their  bulk 
values.2  Due  to  film  thickness  and  interface  effects,  it  is  im¬ 
portant  to  directly  measure  the  Young’s  modulus  of  a  thin 
film  in  contact  with  its  substrate.  To  this  end,  the  present 
work  has  been  carried  out. 

II.  EXPERIMENTAL  SETUP 

The  schematic  diagram  of  the  apparatus  used  is  shown  in 
Fig.  1.  An  iron  core  C  with  a  solenoid  L  acts  as  a  small 
magnet.  A  signal  generator  (HP  3310B)  is  the  power  supply 
A  for  the  magnet.  The  sample  is  a  glass  substrate  S  with  or 
without  a  thin  film  F  deposited  on  it.  One  end  of  the  sample 
is  held  by  support  B  and  a  small  piece  of  iron  M  is  attached 
to  the  free  end.  The  ac  current  in  the  magnet  makes  M  and 
hence  the  sample  vibrate,  and  the  resulting  accoustic  wave  is 
detected  with  a  nearby  microphone  E.  The  output  signal  of  E 
is  amplified  by  G  and  displayed  on  D,  a  voltmeter  and  oscil¬ 
loscope.  Mechanical  resonance  frequency  is  obtained  by 
plotting  the  frequency-response  curve  of  the  sample.  Young’s 
moduli  for  film  and  substrate  are  calculated  from  the  mea¬ 
sured  resonance  frequencies  with  and  without  a  film,  as  dis¬ 
cussed  in  Sec.  III. 

The  actuator  (L  and  C)  is  made  of  iron  core  C  (28  mm 
long  with  2.5  mm  diameter)  wound  1000  turns  with  enamel 


M  S  F 


FIG.  1.  Schematic  diagram  of  measurement  system.  A:  signal  generator;  L 
and  C:  actuator/electromagnet;  M;  iron  piece;  S:  substrate;  F:  film;  E:  mi¬ 
crophone;  G;  amplifier,  D;  voltmeter  and  oscilloscope 


wire  of  0.2  mm  diameter.  A  cover  glass  (0.15  mm  thick,  7 
mm  wide,  and  22  mm  long)  is  used  as  substrate  upon  which 
Ni  or  Ni53Fe47  film  of  thickness  0.7-1.0  pm  is  deposited. 
The  mass  of  the  iron  piece  M  is  about  20  mg.  Diameter  of 
the  microphone  E  is  10  mm,  and  the  frequencies  are  mea¬ 
sured  with  Fluke  1952B. 

III.  CALCULATION  OF  RESONANCE  FREQUENCIES 

In  this  section,  the  procedure  for  calculating  Young’s 
moduli  from  measured  resonance  frequencies  is  presented. 

A.  Simple  cantilever  (with  S  only  in  Fig.  1) 

When  a  small  periodic  perpendicular  force  is  applied  to 
the  free  end,  the  cantilever  (with  length  /,  width  b,  thickness 
a,  density  p,  and  Young’s  modulus  E)  would  look  like  Fig.  2. 
With  x  and  y  defined  as  indicated,  the  equation  of  motion  is’ 

£,(0)  +  pafe(^j=°,  (1) 

where  l=a3bl  12  is  the  secondary  moment  of  the  cross  sec¬ 
tion.  With  constants  A  and  B,  substitution  of 

y  =  Y(A  cos  wt  +  B  sin  tot),  with  0*  =  to2pab/El, 

(2) 

into  Eq.  (1)  leads  to 

{d'Yldx*)-&Y= 0.  (3) 

The  general  solution  of  Eq.  (3)  is 


y 


FIG.  2.  Cantilevered  sample  geometry  under  flexural  vibration. 
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TABLE  L  S«mpte  parameters  a :  thickness  m  mm  (with  subscript  s  for  substrate,  /  for  film);  b  width  in  mm;  /  length  in  nun;  m  mass  in  mg  (with  subscript 
i  for  iron  piece);  p:  density  in  g/ctn3. 


FUm/substratc 

a, 

af 

b 

l 

mf 

m. 

A 

Pi 

Ni/ glass 

0.160 

0.70 

7.3 

18 

50.15 

0.82 

21.8 

2.39 

8.9 

Nij,Fc,ygl»ss 

0.152 

1.0 

7.2 

18 

47.91 

1.09 

26.6 

2.43 

8.4 

Y=C,  cash  fix  +  C2  sinh  fix  +  C}  cos  fix->  Ct  sin  fix, 

(4) 

with  constants  C,,  Cj,  C3,  and  C4  to  be  determined  by  the 
boundary  condition. 

B.  Simple  cantilever  with  end  mas*  (with  S  and  M  In 

Flg.1) 

When  an  iron  piece  M  of  mass  m,  is  attached  to  the  free 
end  of  the  above  simple  cantilever  of  Sec.  Ill  A,  the  bound¬ 
ary  condition  for  Y  in  Eq.  (4)  reads4 

dY 

y=-_=0  atx  =  0, 
d2Y 


and 


=  -m,<u2K  at  jc  =  /. 


(5) 


Then  the  frequency  equation  becomes 
1  +  cosh  fil- pfi  /(cosh  fit  sin  /J/-sinh  fil  cos  fil)  =  0, 

(6) 

where  p=m,/m!  with  substrate  mass  ms=psasbl. 

With  the  given  p  value,  the  root  R,  of  Eq.  (6)  for  fil  is 
obtained  numerically  and  hence  Young’s  modulus  E,  for  the 
substrate  is  expressed  as 

Ej=  l2(ms/b)(l/as)2(w,IR3s)2,  (7) 

using  the  fi-E  relationship  given  in  Eq.  (2). 


C.  Rimed  cantilever  with  end  mats  (with  F/S  and  M 
In  Rg.  1) 

When  a  thin  film  (with  thickness  af,  density  p/,  and 
Young’s  modulus  E /)  is  deposited  on  the  substrate  described 
in  Sec.  Ill  B,  the  frequency  equation  is  of  the  form  of  Eq.  (6) 
with  replacement  of  some  parameters  as  follows: 

n>s  =  psa,bl^m!f=(psa,  +  pfaf)bl, 

Efi,  =  a\bEJ\2  -^E,[I,f=  ( 1  +  3ae)EJ, ,  i8’ 

with  a=aflas  (<S1)  and  e=£^/£s. 

For  a  given  psf=milm,i,  with  a  procedure  parallel  to 
that  in  Sec.  IB  B,  the  numerically  obtained  root  Rsf  of  Fq. 
(6)  is 

/t*r  (A/b4*  1 2a>2fmsfl2/(  1  +3ae)a3tbE1 ,  (9) 

which  leads  to 

Ef=[12{m,f/b)(l/es)\a,sf/R2f)2-E,]as/3af.  (10) 


Thus,  Young’s  modulus  Ef  of  the  film  can  be  obtained  by 
measuring  the  resonance  frequency  tusl  (and  <us)  of  a  filmed 
substrate  with  end  mass  as  shown  in  Fig.  1. 


IV.  EXPERIMENT  AND  DISCUSSION 

The  Ni  film  of  0.7  pm  was  deposited  at  a  substrate  tem¬ 
perature  of  200  °C  at  2x  10"5  Tort  with  deposition  rate  of  1 
A/s.  The  Ni53Fe47  film  of  1.0  pm  is  deposited  at  room  tem¬ 
perature  in  5X10-3  Torr  argon  environment  with  rate  of  2 
A/s.  The  sample  parameters  are  given  in  Table  1. 

The  frequency  response  curves  before  and  after  film 
deposition  ate  shown  in  Fig.  3  for  the  Ni  film  case.  With  a 
film  on  the  substrate  the  resonance  frequency  is  raised,  but 
the  Q  value  is  lowered.  This  is  attributed  to  internal  friction 
of  the  thin  film  and  the  film-substrate  interface.  For  the 
Ni53Fe47  film  case,  response  curves  similar  to  Fig.  3  were 
obtained. 

Young’s  moduli  were  calculated  using  Eqs.  (7)— ( 10)  and 
results  are  given  in  Table  II.  One  notes  that  the  Young's 
modulus  of  the  glass  substrate  is  in  the  range  of  the  Jena 
Crown  bulk  value;  however,  that  for  thin  films  shows  some 
reduction  from  the  bulk  value.5'6 


V.  CONCLUSION 

The  mechanical  resonance  method,  similar  in  principle 
to  the  vibrating-reed  method  for  internal  friction  studies,7 
with  a  electromagnetic  drive  and  accoustic  detection  system 
is  used  to  measure  Young’s  moduli  of  magnetic  thin  films 
and  substrates  with  very  small  sample  size.  For  Ni  and 


•  Film  on  Substrate 

♦  Substrata  Only 


FIG.  3.  Resonance  curves  for  cantilevered  sample  with  and  without  0.7  pm 
Ni  film. 
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TABLE  U.  Young’s  moduli  and  related  sample  parameters,  f  measured  resonance  frequency  ta  Hz  (with  subscript  s  for  substrate  only,  sf  for  filmed 
substrate),  R.  root  of  the  frequency  Eq.  (6);  E :  Young's  modulus  in  1010  Pa  (with  subscript  /  for  film);  Q.  quality  factor  of  resonance  curve. 


Film/substrate 

f, 

/./ 

R> 

£/ 

Q, 

<?./ 

Niy  glass 

251.6 

265.5 

1.453  12 

1.456  92 

7.1 

19.2 

164 

115 

Ni„Fe47/glass 

224.9 

230.8 

1.394  67 

1.400  12 

7.0 

21.3 

173 

121 

Ni53Fe47  thin  films,  Young’s  moduli  turn  out  to  be  somewhat 
smaller,  but  in  the  range  of  their  bulk  values.  Since  the  Q 
value  of  the  resonance  curve  is  easily  obtained  by  the  proce¬ 
dure  of  this  work,  it  would  be  useful  for  study  of  thin-film 
internal  structures. 
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A  new  structure  of  torque  sensors  using  thin  pickup  head — Use  of  mutual 
coupling  modulation 
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Department  of  Electronics,  Kyushu  University  36,  Fukuoka  812,  Japan 

A  new  structure  is  proposed  for  the  magnetoelastic  torque  sensors  using  a  pair  of  figure-eight  coils 
as  a  pickup.  Mutual  coupling  between  two  figure-eight  coils  is  used  as  a  measure  of  torque  applied 
to  a  shaft.  The  mutual  coupling  is  governed  by  torque-induced  anisotropic  permeability  at  the 
surface  of  the  shaft.  Basic  characteristics  of  the  torque  sensor  are  examined  using  a  tempered  steel 
shaft  of  25  mm  in  diameter  and  a  pair  of  25-tum  figure-eight  coils.  Sensitivity  was  16  p\/fi  m  and 
hysteresis  was  1.3%  at  the  coil  excitation  condition  of  60  kHz,  0.8  A  (RMS).  Exciting  power  needed 
to  reduce  hysteresis  is  much  smaller  with  this  structure  than  with  previous  methods  using 
self-inductance  as  a  measure  of  torque. 


I.  INTRODUCTION 

Torque  sensors  are  considered  as  one  of  the  key  elements 
needed  to  construct  intelligent  control  scheme  for  systems 
such  as  robotic  systems,  machining  tools,  and  automobiles. 
Torque  sensors  based  on  the  magnetoelastic  principle1  are 
considered  to  be  most  suitable  in  those  applications,  because 
inductive  coupling  allows  for  noncontact  structures  and  du¬ 
rability. 

Miniaturization4,5  is  an  important  aspect  of  the  torque 
sensors,  so  as  to  incorporate  them  into  mechanical  systems. 
We  have  proposed  a  new,  thin  pickup  coil  for  magnetoelastic 
torque  sensors,  which  consists  of  a  pair  of  figure-eight  coils 
stacked  orthogonally  each  other.  The  above  method  was 
based  on  the  measurements  of  the  difference  in  self¬ 
inductance  of  both  figure-eight  coils  while  facing  a  steel 
shaft  under  torque.  In  this  method,  the  coil  exciting  power 
necessary  to  reduce  hysteresis  was  not  low.'’ 

In  this  paper,  we  propose  a  further  simplified  and  low- 
power  version  of  the  torque  sensor  using  a  pickup  coil  of  the 
same  kind,  in  which  mutual  coupling  between  two  figure- 
eight  coils  is  used  as  a  measure  of  torque  instead  of  self¬ 
inductance.  Similar  characteristics  are  obtained  as  in  the  pre¬ 
vious  study6  with  much  less  exciting  power. 

II.  NEW  STRUCTURE  OF  THE  TORQUE  SENSOR 

Figure  1  shows  the  operating  principle  of  the  torque  sen¬ 
sor  proposed  in  this  paper.  One  of  the  figure-eight  coils  is 
placed  on  a  shaft  having  a  magnetoelastic  effect  with  an  air 
gap  between  them.  One  of  the  crossing  parts  of  the  coil  is 
aligned  along  the  circumferential  direction  of  the  shaft. 
When  the  shaft  is  free  from  applied  torque,  the  magnetic  flux 
in  the  shaft  generated  by  the  figure-eight  coil  is,  in  principle, 
parallel  to  the  axis  of  the  shaft,  as  shown  in  Fig.  1(a).  On  the 
other  hand,  when  torque  is  applied,  the  exciting  flux  is 
skewed  toward  the  direction  of  the  easy  magnetization  axis. 
The  direction  of  the  easy  magnetization  axis  is  along  the  line 
of  tension,  as  shown  in  Fig.  1(b),  if  the  saturation  magneto¬ 
striction  constant  of  the  shaft  is  positive.  This  means  that  a 
circumferential  component  of  the  flux  appears  upon  applying 
torque  to  the  shaft,  and  the  polarity  (or  phase)  of  the  flux  can 
be  uniquely  determined.  This  component  can  be  selectively 
picked  up  by  putting  a  secondary  figure-eight  coil  on  the 


primary  coil  with  its  crossing  parts  .  long  the  axis  direction 
of  the  shaft,  as  shown  in  Fig,  1(c).  When  the  direction  of  the 
applied  torque  is  reversed,  the  direction  of  the  circumferen¬ 
tial  component  is  also  reversed.  In  this  manner,  the  mutual 
coupling  of  the  two  figure-eight  coils  is  uniquely  governed 
by  the  applied  torque  The  output  of  the  torque  sensor  is 
easily  obtained  by  an  ordinary  phase  sensitive  rectifier  The 
roles  of  the  two  figure-eight  coils  can  be  exchanged.  As  the 
primary  side  and  the  secondary  side  are  electrically  isolated 
by  virtue  of  mutual  coupling,  it  becomes  easy  to  design  a 
signal  processing  circuit  afterward. 

It  should  be  noted  that  although  the  only  difference  be¬ 
tween  the  new  and  the  previous  structure6  is  that  the  pickup 
coils  are  rotated  in  the  coil  plane  by  45°,  the  operating  prin¬ 
ciple  is  absolutely  different. 

III.  EXPERIMENT 

Because  of  the  similarity  in  structure,  the  experimental 
setup  used  is  the  same  as  used  previously.6  A  pickup  coil 
consisting  of  a  pair  of  figure-eight  coils  was  prepared  by 
stacking  two  copper  wires  of  0.2  mm  in  diameter  in  the  form 
of  a  figure-eight.  The  two  figure-eight  coils  were  rotated  90° 
relative  to  each  other.  The  number  of  turns  for  each  figure- 
eight  coil  was  25.  The  outer  diameter  of  the  figure-eight  coils 


primary  coil 


secondary  coil 


0" 


FIG.  1.  Operating  principle. 
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stems  ictoawnc  i*»  of  Sat  wraapaaaaw  The  pickup  cod 
•as  beckad  by  a  a*pmt  yoke  to  cafaact  ttnC|  la  TV 
Nfana:  |rol<  aa*  of  IS  layers  of  Maiplai  IWM 
aenwptems  nfcfeuaa  14)  mm*2S  mb)  wall  ter  aMpaauiwnc 
Moa  couataat  daw  to  into,  Pickup  cud  aaaadif)  a  sterna  m 
Ft*.  )  Maaaa  tbapaai  of  da  iipanawatal  ctkwm  a 
sterna  a  FI*  4,  whet*  a  tooaaty  cuepdad  Musa  former  era 
swnap  of  a  wi  of  nag  coda  120  mow.  15  mm  m  dwoa*«»aa« 
mesayneawd  tocatopaaaala  a  *awaa  nsapoaeai  «  tea  we- 
nadtoy  vote**  (tone  tVawww  start  anaaaaaf  a*  a 
ftifimw  of  m)  vicitMf  qum  TtvtyiK 

•aa  ipphad  uuMeaMy  awa*  a  treat  aad  »«*tei  aad  **» 
nrwrmrrij  xti  mi  jpMgv*  |Nvd  os  tfti  «Ml  MMJn  ten 


AH  data  pnsetn  am  valid  so  Out  da  total  pan  (acm  of 
•to  saptmaaaial  system  wstusto*  *  Vel  la  aaphftrr  a 
aaBy  itaamit  a  sterna  m  Ft*  5  to*  tV  treasap  can  aw 
tahM*  Mw  neWo)  Itapwucy  a*  a  pwsaaasn  Deptudeaca  of 
tV  saamtiswy  na  (to  «  scans*  f>t*iawt  aad  MW  carnal  a 
aad*  a>  to  tdaaiaad  paevapunty  aa|  aa  atonclaawt 
brld^pt  csmMpataliiw.  atoa*  too  paws  of  flpwre-aspte  cruft 
•am  awd  m  (to  fama  a  teit%t  carnal  *  Palpal  ttoaoia 
too  am  sterna  w  Ft*  *  fa*  At  nctoa*  enrttat*  0  4  aad  0  S 
A  a  MW  aacMnp  flapwaca  SO  Ub  Hpaawdi  w  (to  wp<M- 
niai  danditMa  »  I  H  *04  *  aad  *l.n*OI4 
TVm  *ahw*  of  hysatrajws  m  aaafl  naapwad  at  5  OA  to 


Moa  tor  r remap  carnal  O  S  A  a  SO  Mb  *  TV  tope  knter- 
•sft  ctaKaraia*  aa  aadactoaca  heiftpt  ctnaMparattoa  aaa 
daewaad  io  I  S“%  V  awtaaaat*  dw  mo*  carnal  to  I  6 


no  a  totoanar  tojw  a  a*  npinawsm  o«w  Ca*w  mm  c 


A  Fiona*  pawl  a  ten  coadnson  was  0  W,  whsch  was 
dwaapawd  M  too  pxtap  cods  la  das  caw.  scmativuy  was  40 
*V5I  m  tout  low  fra  (to  acw  strucisar.  wtote  a  staple 
pafap  cod  waa  awd.  was  oaly  2  W  fca  the  c  remap  cwm 
OS  A  a  SO  Ufa  b  ttoadd  V  anted  dw  mailer  hysteresis 
aas  nfaalacd  M  town  r rental  (town  level  with  the  acw 
wee lan  The  reansa  lot  das  amid  he  capisaaed  mm*  a 
anatrl  toa  Ito  rscaw*  Ha*  panrrns  shown  in  F(*  7  TV 
primary  cos!  cd  dtc  acw  structure  carry  ta*  camel  i  provides 
Mw  raenta*  dtid  all  atoa*  dw  vertical  branch  of  the  hfssrc 
esfll  end.  aa  dw  ector  toad,  tpaceph  ends  in  aa  taduc- 
lian  bndpr  rnalt*am»m.  aa  awd  w>  oar  ptevsous  Body. 
Vfh  carry  dw  <aaw  nma  i  aad  provide  a  localised  esettutp 
toll  as  shown  m  Ft*  7.  wtoch  leaves  dw  surfaces  of  dw 
shah  aad rr  am  of  two  qoWSer -areas  al  the  top  and  the  hot- 
ana  samapwetued.  rraahiap  at  tarprr  Srsmrsrs  Or  ui  other 
words,  m  order  to  redact  krsarmm.  Lwpr  exciMp  enneM  is 
amted  to  aupactue  (tone  net aces  wtoa  pickup  cods  are 


tor  ato>  rumaard  a  caw-tordtacd  shaft  aad  aa  uatoat- 
treated  shaft  tffr  »S  Oel  of  dw  saaw  material  Applied 
tofw  could  not  he  detected  from  dw  caae-haideaed  shaft 
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We  lave  pwpeaad  a  acw  uracntre  of  eimnwlarr 
wqae  ween  «na§  a  pair  of  figure-cagfei  coils  aa  a  pickup, 
•to*  aaanial  map  hag  *  *  aauae  at  tongae  Doe  to  the 


no  a.  Omani  i 


bacwaaa  easy  Lm-pratk,  low-power  toeqac  mnn  can  be 
obtaracd  by  W  pnpoatd  Brecon*. 


Hue  could  be  due  to  Uty  caaqaamna  aaeaaaa  at  dta  wrtecc 
at  tfe*  *W1  taaaluat  (mb  caw  kanUawp  Ob  da  otto 
kaad,  wanamry  *aa  aboai  30  Oaaaa  btgto  far  aa  aafeeai- 
treawd  abaft  tfeaa  lo»  dta  ueapeted  taaapla  t*wb  m  tfe*  cow  at 
iMbctf  dyaaauc  reap*.  *  100  N  aa  However,  Ota  bafeawr 
at  tfe*  kyueraiM*  waa  father  cneapllcered  Dtrvcuoa  at  the 
IkywrtiM  iwy  mi  d«  npni  -ovqpat  pitttt  ««f  cowxcfi  fan  I 
•te*  (or  the  tecttng  cental  law  dua  04  A  aad  wraad  taao 
cfacftwaw  (o»  tfe*  excinag  carnal  farptr  tfeaa  that 


Tbta  work  ww  tapportad  by  the  Grant -aa  Aid  for  Scieo 
etftc  lUaearcfe  tram  die  toaiatry  of  Edecaltoa.  Soon*.  and 
Cetare  at  lapaa. 

'tahtatae  Maaaln  Set  Baaeat  U.  tajtltstl 
‘O  Hdh.  AS*A  1  XV  »  <1  wot 

’t  Swto  A  Kaafei.  mt  V  Hnto  tui  T>at  Mw>  *•  *1  newt 
**  fea*  air*  emotL  vac  rw»  Mo  tjtoot.  teti 

'»  win  a . .  ipiw  v  Twato  m  Tw..rw  (  aamT 

-  ■  -  vac  ra*w  w  twerv  tear 
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A  mJcrowiv*  transmission  spsctfomstsr 

Cmto  VAtodfrtod,  Scott  WilrirtT.  wj  G  Prr.gj 

Pfomcr  Dtfm man*.  l/wwvnry  a)  Nank  Date*.  PO  ha  7129,  Crtmd  fort*.  Noth  Datou  SM202  712V 

The  design  aad  pctfemiaoe  of  a  microwave  traasaaissioo  spectrometer  operating  in  the  124-18 
GHz  frequency  range  a  described.  This  ^wwan  measures  the  microwave  power  passing 
through  a  magnets-,  metallic  sample  as  a  function  of  temperature  and  applied  magnetic  field. 
Stgarficam  features  of  the  apparatus  are  the  use  of  a  solid  slate  microwave  amplifier  as  the 
homodyae  receiver's  bom  end  and  the  inclusion  of  a  cahbratioa  signal  which  is  injected  into  the 
receiver  aaanlttneouaiy  wish  Se  signal  so  he  measured.  The  esce Ileal  noise  figure  (<2  dBl  sad  gain 
(>M<ffllof  the  amplifier  yield  a  iccciver  sensaovtty  of -10  *  W  ia  *  I  Hr  baadwidfo.  The  present 
mscsoweve  source  is  a  dm  Metric  renonam  oscsHamr  which  generates  100  mW  at  I6.V5  GHz, 
shtomgh  the  syitsai  can  afro  operwc  wuh  a  Uyirroa  or  microwave  sweep  oscillator  locked  to  say 
frequency  between  12.4  and  Id  GHz.  The  Arm  use  of  dm  system  was  to  measure  the  iransmissson 
through  the  amorphous  fersumagnet  Mrtgias*  2hU6$C  (Allied  Chemical  Corporation)  Apeak  in  the 
nansauusree  win  obaarvnd  si  frrtoangnrtn:  tenonance  This  trsrwmusum  peak  was  com  am  mated  by 
a  signal  gomg  around,  nor  through,  the  sample  which  we  tentatively  identify  with  surface  acoustic 
waves. 


I  AfTftOOUCTKM 


Mr  mure  mem  of  the  uuevoweve  trsnsmwsinn  through  t 
ferromagnetic  metallic  maim  si  complements  the  standard 
IFMJU  mttactuw  teehmqnc.  The 
»  patncularfy  writable  tor  urvesn 
I  weakly  t  sewed,  but  mlatrvety  unattenuased.  rrswrwui 
For  rssmplr.  sound  wave*  are  nsprwihli  to  a 
i  peak  which  a  shghrty  afbat  from  da  FMB  «h- 


-  *  *  The  haarc  dements 
t  sen  a  microwave  source,  a  cavity  pur  which 
;  devices  m  the  sample  nudes 
study,  a  cahheamd  attenuator  which  moy  he  substtosled  for 
It.  and  a  homodyne  uttevoweve  receiver  TWo  maws* 
i  In  tots  sppinnaT  Assign  tenth  to  m  imprniimrnl  of 
the  ugnai  to- nous  ratio  over  previous  aauumaam  by  m 
much  as  JO  dB.  First.  ttMa  attenuates  receiver's  from  cad  u 
a  low- sows  mild  naU  akwssii  amplifier  n  berms 
i  mu  a  atm  fottuwid  by  a  earuwm  tube  if 
alilwaifed  tnrawMof  dK 

I  whh  u  mouttosed  by  d 

wtth  Am  sample:  fosse  la  so  sued  to  switch  for  < 

Has  la  aad  out  of  foa  signal  path  n  3-15  nun  tours  sin.  This 
Mf  some  of  AM  sysasm 


tt.  TRMMMMM  AttfoMMTUB 

A  schematic  of  AM  appasmas  is  shown  in  Rg.  1.  A 
MTTCO’  AMfecsrk  reaoaam  ondttator  (Model  DttO-MTQOh 
JD  prsAwn  100  n*  of  nttcmweve  power  at  ton  GHz. 
Moat  cd  *M  power  ia  fed  via  fos  naammttoa  Hnu  lo  •  crib 
catty  cuupfod  mummer  cavity  The  sampfe  foraw  pan  of 
foa  comma*  watt  between  Attn  cavity  aad  m  htrntictl  re¬ 
ceiver  cavity,  bo*  npeimtog  m  Am  TBw  nwwfc.  In  draw  gm- 
ham  we  need  to  thwartestty  ml  Am  sampfe  so  Am  cavity 
watts  sad  to  attattatot  Hma  effects  an  Am  smspfo.  Power 
psnMng  fotough  foe  snsspfe  md  otto  Aw  signal  Mae  is  mode 
fond  at  foe  2,10*  Mb  tomrmadfeas  frsgsrecy  (if  I  by  m 
AAAA^  pm  dfode  Mttacbve  mribch  (model  (U- 1 IV  ID)  to  Am 


signal  Imc  The  moduialcd  signal  IS  routed  to  a  M1TEQ  low  - 
worse  amplifier  tAMF-6S-l2IH-Wl  having  r  gain  o(  14  ?  dB 
and  a  noise  figure  of  I  83  dB  si  the  system  operating  fre¬ 
quency  That  amplified  microwave  signal  (rf)  is  mixed 
fMTTEQ  model  MI2I8M)  with  approximately  10  mW  of 
wnmodwiated  nucroweve  local  osciltator  (UOi  power  coupled 
from  foe  rramm ration  Imc  The  mixer's  i  (  output  is  ampli¬ 
fied  by  one  of  two  different  ptc amplifiers  wuh  guns  ai  fi-22 
dB  and  fed  to  defectum  electronics  described  below 

In  adfoaton  so  foe  signal  fonn^h  die  sample  s  calibruion 
signal  m  infected  wwo  for  rrcrorr  via  the  caUbrumo  line 
which  nsmills  of  a  40  dB  dweciiooal  coupler.  •  phase  shifter, 
t  precvtwm  variable  xrscnwwm.  a  modulator.  s  fixed  menus 
u>.  and  s  20  dB  dsrecswma)  coupler  The  modulator  is  i  re- 
Accttve  evrnch  tAmtnul  so  foe  one  m  ihe  signal  line  The 
ptucMsoa  variable  Micnuntoi  n  s  liewfen  Packard*  PW2A 
Wish  AM  modnlWor  vwisch  open  and  (he  variable  anenuator 
•ef  to  00  dB.  foe  cabbnttxm  signal  »  9S.8;0.b  dB  down 
from  foe  power  m  foe  trsmtttmsson  bar  By  comparison,  foe 
tern  Mi  Anna )  and  mndnlsnu  M  foe  signal  bar  as  welt  ax  .1  ft 
m  of  wrvegnrAc  anenuatc  the  signal  (nun  foe  receiver  cavity 
by  7  4iOJ  dB 

The  design  of  foe  system's  ckctnwucs  allowed  the  me  of 
Attscthwal  ooupfete  to  rash  the  cabheatioa  signal  own  for 
receiver  Tins  in  wahtr  other  specrrvewciers  which  wut 
swttches  for  Ibis  fuactma  *  4  The  eaKbratsoa  Signal  and  foe 
sampfe  •  mmammm  Mgnal  go  rtoiwgb  foe  same  rt/i.f  am. 
pbfrsr  chaw  and  are  rrparwni  only  at  foe  final  stage  of  the 
ihttnason  pooeem  Thai  wparMion  is  psiwibh  because  foe  i  t 
Moduhttoo  have  m  additional  square  wave  phase  modula- 
fom  of  snsphruds  IW  imprewrd  on  the  i  f.  ai  for  low  fre¬ 
quency  ILF)  of  4J0  kHz  for  AM  caHwmioe  ssgna)  and  of 
1)2$  kHi  for  Am  traammiaeaoa  signal,  la  aAdhxoa.  the  two 
i.f  Modulttioat  arc  la  ifawhstwi  After  foe  mam  i  f  ampli- 
Acr  121  AB  pMa)  Am  i  f.  signs!  In  spin  and  mixed  with  2  .104 
MHr  focal  if.  onrittmnts.  The  rr  salt  mg  LF  signal  pair  hi 
desactad  by  PAH*  phaw  sensitive  detectors  model  HR-4  for 
foe  cafrbrsCxwi  signal  and  model  5104  for  Am  fiawsnwsuioo 
ngnnl  The  oukput  of  Ack  Aeaecsorx  may  be  recorded  sept- 


4  has*  pfom  »  ftfo.  i«  foM  ocn  m'WbvTV'focuinoasoo  c  une  Wiwnmr  vwmns  at  pnywm  sn» 


'  <; 


m,  i 


lately  of  dm  9104  may  he  cuttaccied  to  tlwi  ike  oaipw  n 
peuporttuanJ  to  Ik*  latto  o t  mwwwa  wpaal  lu  dm  caMtrc 
turn  ttgnel  memnred  by  the  UK  k 

TV  reference  bar  pmdn  ihc  Itxal  awlhiw  ptmti  lot 
ik*  nun  Than  pawn  »  tapped  horn  ike  mmawuni  hate  V 
a  III  dB  ikatcTwatal  ctaapkt  and  pie  art  Ocotafh  * 
Hewlett  PerUed*  peecatma  phene  ahrftet  laudrl  WK5A).  * 
«avt|»li  to-co-nt  edepeea,  red  a  22  dB  noleaor  Mm 

reacktap  the  nun  The  eulatoe  -*- - r  my  nktKInn 

he  tween  the  nttai  and  Ike  phene  tJufWt  and  para cane  a  nrefl 
male  had  W  I)  toed  to  ike  nun 

Woe*  than  119  dB  at  atdettoa  knee  been  added  to  Ihc 
etnnpunenw  hebneen  dm  tapael  ha*  narekatoaoi  and  Ihc  aiact 
Atoap  *«h  ihc  amaer'a  Cutanea  of  Jh  dB  end  Ike  aanpMka  e 
oMpncto-tapm  moMton  at  matt  then  49  <J8.  dam  abamaeare 
Ike  pamaikdM  at  a  tpwncmn  tapael  artemp  fran  heiKbritaph 
at  Ike  aUcnneevc  local  uatlffmc  icackanp  ike  mridnlkina  ad 
hemp  reflected  back  Into  dm  anna 

The  dtode  dattetoe  and  rwo  mechanical  Ctradta*  trek 
•Backed  tench**  iiteamlii  cat  repaired  la  oedta  to  tone  the 
can  Men  to  dm  opeeaainp  freipmnty  at  da  trarta  Whh  dm 
mrtickaa  act  aa  Mown  la  F%  I  dm  Wanamiiati  cevtfy  amt  N 
laaed  by  iMmrefnp  dm  i  idrepi  on  Ike  diode  and  remap  Ikr 
caetty  toe  e  mtahmaa  mdeciaem  Wlak  Nek  nreckra  named 
ctochwim  IM  man  mid  dm  emtaMt  iBaeceiu  opened  dm 
aecekiet  cacdp  amp  he  dmllarty  laaed  The  cerddma  were 
each  ammaead  to  kne  mom  ttaa  TO  dB  tmtattoe  end  dm 
ewtaMe  Mknamkm  to  have  *  maaimam  Mmrtioa  hem  of  T> 
dB.  No  le  eh  ape  ihaoaph  dm  twitchat  fawn  the  awmmmmtm 
hoe  id  ihc  tapael  hem  aeea  defected 

The  JOdB  MnMoi  pieced  hetoce  the  mcdctaln*  m  dm 


Afire  ueeurniim  id  the  appertain  i  m*/«  dtfdruh? 
*«h  ihr  eketraamea  area  ramemrred  l>  motketonta 
ewtachr*  fan  aa  mar  pel  dnvet  whack  ceeaarx  (  wee  u.,pl> 
bar  pdn  Imttap  kin  dua  10  aa  and  hevmd  an  •r-nta'  dr  of 
2-4  V  Mcnrak  level  replace*  at  Umar  pda  emceed  dm 
detect™  between  dm  1 1  pecempltdet  cad  dm  mum  i  f  .  n 
pUKea  Thant  apanami  upaah  were  claaemKrd  watt  tan 
pawed  ahmldmp 


The  htpMy  maparfmenrnt*  eaaanrpbuut  feenmupatn 
Malgina*  SflSC  waa  dm  dam  ammnal  cammacd  with  dm 
ippmmaa  Spec  am  ai  uNaiaaal  tram  a  9-cm-wtde  iMnt 
were  cal  Mto  ctacatot  damn  2j  cat  m  dataware  Several 
amapiea  ai  thackacm  21  9*29  jam  were  donated  "e»  o' 
wtdl  ktdham  O-emp  main  Three  tttaptea  were  at  auaaaifoam 
Aidtcii  Mid  Nd  •  vriNc  \me  pmeri  p  r  rp  r  n  itrnrfir*  to  die 
rad  dkecnata  eapelamd  m  Ac  aartm  That  carfare  refmf  had 
t  cherncmrttetc  length  teak  of  t  man  aad  waa  2-9  jaan  ut 
■aapheade  The  bam  panrea  wan  proaad  (MO  pra)  faom  both 
odea  at  am  taaapk  Ire  dad  deefamat  ana  14*9  jam  The 
reambticy  at  dm  atemnel  arm  amamwed  to  be  190*19 
jd)  cm 

Trmmmamma  data  were  recanted  m  a  fancuon  of  the 
anpactto  dch)  appked  parallel  to  Ihr  ptaat  of  dm  mmple  bad 
petpaadacadm  to  dm  amcntacte  mapaette  ddd  Same*  dm  re 
reaver  adaafiy  awamacs  Me  reapoam  of  Me  limtaaotrmd 
tapaal  an  phaac  with  dm  local  oactdaaof  m  dm  auxrt.  aevarel 
dam  wet  were  obtatamd  ai  different  arrtmpj  of  dm  phaec 
Matter  m  dm  reference  bam  Faom  Meat  data  dm  iraataataeanoai 


lla  m  off  mam  The  kotetoe  aad  dcpccacy  i 
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J  mm  ah*a.  am  re  am  tfi  1  titer  ten* 


tl  U  11  S* 

*t»u 


II  V  nas  met  mill  —  ■  t«i  Ml  awn  *  aMamwai  at  ugw I  rinse 
IK  tea  mete  a  *M,  bn  law  Sas  kaua  upM  MM  Tte 

fake  Ha  aintmi  tmmmmmm  iM)  toe  km  uimsaud  aa  ae  mm 
Hrmumm  wed  a  Us  aMm  w  Mm  dill  mu.  iik-IIII 
MX  tarnn  at  k*l  OMr.  rnm  m  r  Jgem'.  <  km  W  Ian,  «a 
■may  at  lUM  «U  <aa  tn  am  at  1  tar  •  ii»"  wgsas’  nmm 
eamaa  <4  *,*  *  U>  'srgeas,  mupug  mwnrtw  man*  irf  »  1  mat 
mum*  .manse  ok  k I*  la' 


maples  I  Me  Fig.  2)  Tm  am  vended  by  ngblrmag  ike 
a  -j  '-unr'r  kokdn/iaf  ke  mk»lrt.  dm  acnanl  Ac 
«kM  of  At  ladtoaa  Orsag  m  cnaiaci  auk  Ac  maple  ham 
-2  »  -1  caa  ml  ktwari  Ac  ni— main  imp  tarn  It  by 
20%  v  W*  lor  varum  maple*.  Water  A*  wayim  Ace 
iigbteaieg  Aa  ante  only  Mated  A*  aaptaadc  at  Ac  mail 
gamg  eeewnd  Ac  i ample.  *ad  meiieit  Ac  phew  by  *  Held 
independent  tncvcnwni,  *t  acre  able  w  cabernet  mace  at  Am 
signal  s  cAbet.  R^a*  2  dam*  Ac  recall  at  Am  aAaacttoa 

MliL  fat  COmpVrifteMt  d|y  QnMMMMHKMi  dfOi|)l  (fcg  poMtd. 
(Maw  No  <mbmI  •  •(*  ifcticicd  mommI  tfcc 


The  experimental  data  an  only  qualitatively  similar  lo 
Ac  calculating  The  tnasmasioa  peak  is  stronger  aad 
broader  Asa  Ac  calculated  peak  as  well  as  shifted  upheld 
Reasonable  modiftealroa*  of  Ac  parameter*  used  in  Ac  cal- 
adatsoa  naant  brag  calculatsoa  aad  experrmeal  into  agree- 
meat  A  fact,  the  as-is  sample’s  non  uniform  thickness  should 
lead  to  partial  destructive  interference  of  the  iraiacmssion 
near  FMR  since  Ac  sound  wave  length  of  ~0.2  >tm  is  less 
Aaa  Ae  surface  roughness  at  the  sample.  The  dcctrumag- 
actic  wave  is  less  affected  by  Ats  noauaiformiiy  since  il  is 
heavily  attenuated  aad  Ae  thtnacst  pans  of  the  sample  domi¬ 
nate  Ae  tnactuimna.  Thus,  one  would  e spent  the  eapen- 
meatal  mao  of  peak  height  to  high-held  tnatmisuun  to  be 
tnech  tmiltet  than  Ae  rateulated  ratio,  Ats  it  dearly  not  the 
case  the  atagacuc  faapag  parameter  used  A  Ac  calculi 
neat  normally  controls  Ae  widA  of  Ae  traasmisston  peak 
However,  the  draping  used  a  the  cahulaisrin  is  so  large  that 
any  attempt  to  increase  a  Rich  ta  aa  tact  rase  of  Ac  acous¬ 
tic  aucaoattaa  aad  a  severe  decrease  in  Ae  calculated  tram 
mac  ton  wah  only  a  small  effect  on  Ae  peak  width  The 
cakwtaled  pouraaa  at  Ae  peak  n  ceuttrullcd  by  the  value  of 
Ac  magaeucatton  aad  g  factor  Agree  mem  between  the  cal 
calmed  aad  manured  peak  pentane  was  forced  by  decrees 
tag  Ac  angneliraam  (4«*f )  used  at  Ac  calculation  to 
If  12  kC.  Ae  Uetgtas'  true  magaetinuue  is  dose  in  16  kti 
The  tram  at »i<  urn  peak  for  Ae  polnhcd  sample  is  shifted  lo 
men  higher  heids  That  is  probably  due  to  a  decrease  in  Ae 
augaceuatioa  caarcsf  by  Ae  polwhiag  process 


A  aew  low-aomc  aad  teghseabsluv  tnaannr  spec 
Itoaurct  wan  used  to  racism:  the  naasmtmaaa  through 
Mctglat*  2KI$SC  Thm  highly  augactmanctave  amorphous 
frrrnmcgari  ritehM  the  eepmed  muiusm  peak  due  lo 
Ac  wrong  esesunoa  of  Murad  waves  near  FMR  Thm  tram 
maakoa  peak  wan  wnnagrr.  broader,  aad  shifted  lo  higher 


wen  gad*  large  aad  dM  am  la*  Ac  rnpubdairi  of  Ac  «naa- 
mumuoa  system.  The  oraa  nruuc  wca  ancaarad  by  iacnca* 
mg  Aa  dlcaaaliea  to  Aa  caHhrtotoa  Mac  to  Am  dm  «0  at 
cvcdaMc  wan  incaatocd  by  146  d*  Uiwmcc  mat  of  Am 
MMkfl  csMbtlliltt  tigMl  iMftCiflV  SOiM  III 

•  to  *  Wtoa  I  HctwadwrdA  Then  euracpacto  kg  «  norm 
Bganof  *4  A 


K>  truss 
r  ’  These 


The  peak  to  Aa 


FMR.  Tha  weakly  Arid  itepcwhm  traamawum  at  H >5  kOc 
m  due  re  Ac  ■  hr  ft  magnetic  wen  pnnecrattag  Ac  Mmghr 
i  ^  vkmkkir  wmt  ||iui  vj  rwmncm  mma 

Cochran.'  The  solid  hac  to  Fig.  2  a  (he  nsah  of  neh  a 
cajcahdtoa  catog  Ac  amteftal  paraaifcw  baked  to  Ac  ctp- 
tsem  Note  AM  mactoaiiiiiia  raptetadr.  aot  power,  m  plotted 
to  Ato  Rggai.  A  wan  of  nil  kmphndr  compoadc  to  a 
racafnr  topar  of  **  10  M  W 


renal  to  at  as-m  hum  aWowed  a  signal  to  pass 
weR  m  ihroagb,  the  « ample  Ekcttomagactec 
m  be  mptoAh  hu  Ac  signal  going  around  Ae 
e  Ac  todton  O  nag*  used  to  seal  the  sample  to 
holder  arc  a*  necDcm  banter  to  there  wives 
ai  of  dw  surface  roagharu  meted  »  m  ieaa  an 
ton  of  dkr  tegaal  gorag  aroaad  the  sample  Thus 
b  Wteatify  Ae  cnarec  of  this  signal  as  e  surface 
v<  prepaganag  iking  the  Metgfas-mdmm  miet 


'•  Mmetek  mi  I  r  tmwva  I  »m*  hkv*  to  Jaaorictei 

'G  C  Atemntetom  I  W  AJIrs  ami  I  A  rmsurwan  I  Arc*  tons  to 

toct  (IUIUI 

'•  Wetotek  aim  1  f  C« rWaa  1  Apr*  rtrs  *»  lilt  usaii 
'll  •  lew*  mi  T  k  Carnes.  f*ys  tern  Ito.  tto  rltoH 
'1  t  Osteal  g  HHWSckL  aad  G  (tew*.  Cm  I  torrs  to.  CU  ||«TT| 
*1  b  Hi  tea  is  urn  C  r  Atrsiatesk.il.  toss  Vs  b  M.  ana  ilUTTl 

srrrm  i«  oust*  Onw.  m  tr  a  w  liter 

' teasu  a  bteur  hasLtote  AusteWres.  If  Hrrsdd  Can  bar  Stews, 
try  ri  tews 
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Maoauremsnta  of  Intrinsic  magnetic  propartias  of  materials  from  surface 
mapacoon  (sosiraci) 

Z  J  Own  and  0.  C  Jtm 

Amt*  Lebmaears  fhpsraurur  of  ttemcal  md  Campmrr  Eafutetrutt,  rurd  Center  for  NDC.  Iota  Sure 
Utmunttf,  Amtt,  tome  50011 

Surface  ■sprctica  at  magartic  properties  with  i  mu  o  a  useful  aad  practical  technique  because 
a  give*  a  rapid  aad  aoamva five  ■eamrcuael  aad  requires  miaimitm  maienaJ  preparation.  However, 
das  wrhaiqac  u  hritaffaj  by  the  practical  ptohiems  ot  calculating  whereat  magnetic  properties 
at  the  nawl  boa  audi  a  meeaucemcut.  A  transfer  function  bused  on  the  tot  approximation  was 
developed  previously1  aad  it  worked  wed  when  the  okaaeaskw  of  the  twnpic  was  comparable  with 
the  napamria  head.  However,  the  iwinifnrta  darnbetioa  of  the  magnet*  held  is  aa  inherent 
penMcaa  aad  pea  ante  xenons  whea  the  vertical  aad  lateral  duaenuon*  of  the  test  material  become 
rraaparahtr  with  the  pole  Icagth  of  impeciioo  heed.  There  (ore,  tt  invalidates  the  application  of  tirsr 
approai— Oca  A  ante  fe acral  aad  practical  traatftr  fuacuoa  a  denied  ta  this  paper,  usduduw  the 
geometry  effects  of  aapecnoa  head  aad  lest  material  Thai  transfer  function  e>  bared  on  the  surface 
■warty  charts  model'  aad  ta  wed  a  the  sananoa  whea  the  mi  material  has  a  large  dimension 
Tut  mate  on  rpeciaacna  by  direct  mraaurcmeat  and  mtumrmrm  front  surface  inspection  will  be 
presented. 
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Thfso  component  magnetic  flsM  measurements  using  cubic  anisotropy 
In  (111)  YKJ  films  (abstract) 

A  Yh.  Purtov  A  I  Voronko.  P  M  NtaonfWo  and  V  B  Vbfcouoy 
'WC  taf .  fteSukup  Dm  tumdrl  tons  Saftaf  MB  MX  I'wwrf  *  -g‘  — 

A  ■<aa«Oi«r  e  behavior  «  YKr  taas  won  lllll  nrtcmalnw  for  a  Mtaranoa  mplatK  magnet* 

IMd.  tafuag  mao  aocnam  ta  tourth  U(1 1  aad  ta  with  itC2l  atm  amnotropy  cuwttantv  n 
Mveshgmsd  thewauoPy  aad  eapentaeasafty  Ihpadncai  of  a  magatfadr  of  the  letutatum  held 
on  ■mtial  pmamtsaw.  wera  fouad  Ddftmt  uaaaoawi  of  a  utsac  aad  a  rotauag  taturatsaa  magatoc 
haM  weaa  oaaUmf  Aasfyncal  npraaaroaa  tor  aa  mSectioe  irgaaf  caused  by  laacrfcreaoc  of 
M-ptae  magaetxaatfcm  homogsascas  rtaaMoa  with  aa  aad  urn  qumwrinc  awgactac  held  were 
stadaad,  h  waa  thowu  that  tare  ease a  a  lunar  hsrmowc  retpauK  to  ta  etuNcwi  held  both 
tagaataBy  aad  parpeadkutnfy  u>  ta  Mat  phase  held  oneauonas  Experimental  route  obtained 
ta  Mina  hah  at  YKr  Man  were  ta  good  agreemcar  eat  theory  Meawtf  aeaaWvity  was  of 
ta  order  of  10  '  Oe  with  a  dynamic  taaga  of  W  «  Tbtv  thereby,  enebio  ta  deMpt  at  a  three 
enmgaaem  liadactlea  team*  wUh  a  high  aeuwctviry  aad  a  huge  dynamic  mage 


MagmtorMfestto  characterization  of  thhvfllm  structures  by  a  gradtent-fteld 
method  (Attract) 

P.  L  Trouhoud,  F.  Soils.  C  V  Johns*.  M  A.  Runsak,  E.  J  Spate,  and  J.  W.  Chang** 

IBM  lUwck  Dnaum,  T  J  Wmmm  Bnemrck  Crater.  fcriansu  HngMi.  New  York  I09M 

Magnetoresatancc  nowtencab  cm  he  used  during  manufacturing  to  characterize  baste  magnetic 
parameters  at  the  device  level  A  fnucful  approach  a  to  take  advantage  of  the  gradient  field 
generated  by  the  carnal  Sow  tag  through  the  maple.  This  method  was  employed  by  Smith  et  at 1 
ia  aa  elegant  senes  at  experiments  that  led  to  precise  mrassremems  of  exchange  onatranl  ta  soft 
magnetic  thin  Mam  la  the  present  paper,  local  coupling  ia  biiayen,  amamropy.  and  interface  qaahty 
art  mvcehgmcd  using  magnetcetmmve  teapoane  to  gradtea  fields.  Permalloy  samples  comusteg  of 
two  sputtered  layers  (0. 1  pa  thick)  separated  by  this  StO,  apacera  were  patterned  ia  the  form  at 
loag  stnpes  parallel  to  the  easy  tu  Vanaooa  m  irutuacr  was  measured  at  s  fuaettoa  of  external 
field  applied  w  the  casy-axts  ihrectaon  and  of  cwrem  density  For  tusular  geometnes.  the  samples 
have  similar  in  turner  The  carves  dupiay  a  sharp  decrease  m  the  resistance  near  zero  field  that  is 
associated  with  the  reversal  of  the  mtgnruratirm  m  the  stnpe  Once  the  sample  has  switched, 
coupled  layers  have  s  fiat  reipome  versus  field:  exchange  coupling  hetwtea  the  layers  maUTims  the 
tanaiag  of  the  magarfuarioa.  as  prevtousiy  desenbed '  For  uncoupled  or  weakly  coupled  samples, 
the  curves  show  curvature  at  higher  fields,  and  the  curvature  mrreascs  markedly  with  current 
density  The  fining  wtthm  rack  layer  u  ronmamed  by  eachaage,  but  the  average  (magnetization  in 
one  layer  rotates  under  the  ndharoc*  of  the  held  geaerated  by  the  current  ta  the  other  layer 
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DtopfMty  m— urmwrt  of  magnoHc  powdr»  using  tho  iwagnitlc 
notoe  method  (abstract) 

V.  M.  VWyw 

Department  of  Myurs.  Jus  Sate  Tretmteal  Inner  vn,  damrr-tm-Dtm.  4*4010  Russia 

in  spue  of  the  Afferent  aatutc  of  high  coctctvuy  la  heufenites  (Ba,  Sr,  Pb)  aad  uHcrmcullic 
compounds  (Sm  CO,,  Fe-HitBI  the  paia  size  dmntoutsoe  faacuoe  ta  the  powder*  Is  of  a  peal 
Importance  tot  both  type*  of  sintered  arprtt 1  The  conventional  techniques  ta  many  cases  could 
not  provide  a  reliable  estimate  of  Ac  powders’  duperuoa  The  f tee  particle*  (particularly  the 
uagk-domaia  owes)  am  magartlyrd  ahaoal  lo  saamnoa  aad  therefore  arc  Breached  together  into  the 
toccubs  These  toccata*  arc  takes  by  the  venous  methods  a*  a  large  parttek,  is,  the  asethods  fad 
Oa  the  coatrary.  the  jumphhe  domain  wall  motion  parameters,  obtained  la  BN  tpectnan  study,  let 
us  analyte  the  dambuooa  tenctioa  of  bar  Ba-Sr  heufemm  powder  pattlckt  by  sue  :  Letet  It  was 
found  that  sack  dependence  of  the  BN  spectrum  G(f)  oa  the  mesa  grata  s at  dm  is  true  for  a  wide 
variety  at  the  powder*  whose  dnperwtry  m  far  6oa  a  smgk-dnmata  oae.  The  subk  depeadeacse* 
of  BN  paraawtm  oa  a  powder  thspcrwty  was  observed  for  a  wider  range  »  Ba-Sr  femte 
t)  5  <  dm  <  4  mkna  Uaacr  the  usgkdumam  sue  a  about  13  aduul  aad  ia  Fe-Nd-B  powder*  with 
1  5 < Jm < 20  svkra,  aad  ta  pulverized  him  powders  noth  )0<dm<400  adua  aad  is  toe 
electrolytic  dradruc  Boa  panicles  with  a  a aeaa  long  u>  sue  of  0  l<lm<0  2  tnkea  The  applied 
Held  and  Gif)  values  are  quae  ihfktent  ta  the  above  cases,  but  the  mass  features  rrauia  the  same 
So  the  method  may  be  wtdriy  used  m  vaneua  branches  of  magnetic  powder  aad  related  technology 
for  easy.  fast,  aad  reliable  me  nun  me  nt  aad  analysis  of  the  dmnbuttoa  fuaettoa  of  the  powders' 
parttek  numbers  and  speedk  volumes  by  sue  We  have  developed  a  coaapkte  range  of  devices  foe 
the  SfOA  (system  to e  powders  ihapcrsioa  analysis)  npupped  wuh  a  PC  aad  proper  software  for 
Msfyrmg  and  dwplaywg  the  mfurmattm  obtained 


V  <  hSuuu.  I  Stuns  slugs  scan  *S -ft  ISM  iisnsi 

V  VmuIvuv  Ml  <>  Vagin,  Is*  Swirtu  u  *M ip  >'  l«n 
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M.  Sharrock,  Chairman 


Contributions  of  fln*»partJcle  magnetism  to  reading  the  global  paleoelimate 
record  (Invited) 

Sub*  K.  BmqM 

fanoute  far  tact  Magmmam,  Dtpurmm  af  Geology  end  Ompkyuci.  L'mnrrut>  of  Uuuttstm,  .110 
MUvy  Dm*.  XI  Ummafotu.  Uumtutm  >US5 

Pafeocbmaic  changes  w  recorded  by  proxy  as  vanauons  is  concentration,  compostlsan,  and  grain 
UK  of  magnetic  tmncrah,  principally  magnetite  |Fr  j04).  in  dm  sediments  ocpuuicd  in  Lakes, 
oceans,  and  conunenui  coiiaa  deposits.  Cross- validated  mulupW- parameter  magnetic  measurements 
at  writ  irihux*  coca  provide  global  cbmgr  data  ot  hifh  temporal  resolution,  useful  for 
cottamtctmg  a  base  line  record  against  shack  anthropogenic  modtbcauom  may  be  discerned 
Theories  at  superpminagnettun  and  magnetic  domains  arc  used  to  exptaut  die  physical  basts  of 
magnetic  proxy  recording  Examples  of  applications  k>  validation  of  MiUakov  turb  theory  of  climate 
change  and  delineation  of  the  glacial  aad  interglacial  stages  of  the  last  1  OUOOtXi  seats  «ie  prov  ided 


t  wnhooucnoM 

C  urttnt  MWttesi  in  the  ptwMay  of  raped  ckmaac 
changes  in  the  future  triggered  by  ambropagrarc  eheneioas 
in  the  global  chat  ale  sysurtn  has  lad  (tulgan  and  gruphyu- 
emta  to  dahneatc  very  longimn  I IOOO- 100  ODD  years)  pa 
leochmalr  change*  lor  eetabimhwg  beaelme  tecurds  Geo- 
logical  records  of  decadal  to  ceaaury -scale  dinner  changes 
are  or  men  in  lung  me  corns  bum  dec  polar  ragman.  rap 
u«y  dapuaned  mbmenw  bum  certain  kikes,  and  oKahure 
marUM  intuneans.  aa  »eU  aa  m  utndbhnsa  If  ohm  i  dam  dc 
poana  on  coonnsatal  sues  Such  records  are  amafiy  "read  " 
by  dasetuimiag  changes  m  la)  elemental  and  mJSopec  chan- 
miry  of  tea  and  leihmrai  grates.  lb)  sue.  thape.  and  amcaam 
of  eohaa  grama,  and  Ic)  dm  type  end  chnracier  of  gapped 
pollan  pirn  representing  dm  dtfWreoe  rtgamrsona  of  the 
pant.  Careful  symhaita  of  these  ■■tuple  peony  records  of 
cbm  am  change  can  ymld  pdaxnwh  of  hmandny.  tempera 
turn,  wmd  does  non.  md  rstnd  mstawey  Scans  of  Pa  abuse 
puny  records  can  aad  do  provide  ipimraarr  «  data,  bee  afl  of 
them  consume  a  lot  of  tmm  hat  data  gathering  Competed  to 
due.  magnetic  proxies  of  cbmem  change-  a  ecu  comer  to  dm 
Held,  cm  only  ha  c handled  cartrady  aa  mmugawraair  i  or 


Ramarchan  m  rock  magnetism  am 
that  ace  commonly  used  as  Ihm  particle 
phn  tern  others  dm  me  particularty  aaaful  far  maamauig 

temple  aflat  igphcmhm  of  a  heady  lor  dc)  mignrrir  held,  at 
no  ahanmtfag  magnetic  held  laf)  or  vaefaMt  ampuafans 
etcher  singly  or  in  comNnotiom  thereof  Fee  comprehener  a 
dmceaaima  of  itmieeut  magnettianram  am  refer  dm  leader 
u>  some  racaar  pubhadfam  1  '  Ftifer*  hm  racarnty  imbrued 
inch  magnetic  anuma emotion  When  lomtimid  smh  Heady 
hehh  on  Pe  order  of  30-100  gT,  dm  smne  af  ihmngmiim 

ngmtimtinm  (AJMhs)  *> 


Partial  AJLMs  tPAhMs)  ale  given  by  activating  the 
steady  held  for  given  af  windows,  and  hence  only  to  certain 
vc Ircicd  grain  sues  in  an  ensemble  * 


i.  POPUUUI  NOCK  HMNKTK  MRAMETtltS  PO* 
UWI  CHAAACTEMZATIOM 

In  addnmn  So  a  strong  preference  tor  studying  RMv  the 
orhrr  spcesal  characsrrrsitc  of  rach  magnetism  ts  the  need  to 
study  ehok  t  ampin  S reboot  always  subjecting  them  to 
magnrbii-  separatum,  son  magnetic  veparara*  prelrrmtiallv 
rrtntb  dm  fagh-wacepcdubty  I  j  i  grams  that  may  or  may 
mu  be  the  same  aa  the  htgh-canoviry  (M  t  grains  that  give 
nee  to  hb- imparted  at  natural  RMs  A  large  cfluo  has.  there 
fare,  gone  mao  dm  drsefapmmn  of  mstfumcats  and  lech 
■iqaes  that  are  seaaatm  enough  fee  charanmnag  svrailr 
magarnr  ehh  sedsnsrafi  or  rocks  Second,  whether  dir  in 
traded  apphemwn  n  to  deesphrr  dtmetr  change  proxies  or  to 
drsrnumi  dm  source  of  tndtmrees  m  a  stream,  dm  rock  mag 
tmrtc  puramrsm  me  chosen  far  thro  sensitivity  to  changes  in 
.  and  gram  sue  For  example,  as 
r  bom  onr  ciimsm  regime  to 
dm  oftier.  far  magnetic  mineral*  endrrgu  chemical  and** 
tmcromactmal  changes  Pm  need  so  Ursa  itenpur  these 
saMr  changes  m  dm  pots* act  of  a  vast  paramagnetic 

of  palm 


fatngh  mngneSK  >«i  A  «;\gi  magnetite  t*  usually  dm 
mineral  whom  telatrve  cnnoeMrarsnn 
(With  dap*,  say  i  can  be  demrmmcd  by  meerurmg  dm  sane- 
tione  in  mruration  megnrtiraHiu  1,  or  km 4Md  maceyerhsl 
try  y.  if  tin  grains  me  only  large  muhsdommn  (MOt.  say. 
atom  10  m*  and  if  no  hyti-faeehel  chemical  change  rs 
present  d  magnetite  conacni  fxlla  behm  tret  perks  per  ms) 
ban.  m  m  argnmc  -rich  pern,  mluracian  ra.ehcrmel  ttnuamcr 
(VRM  or  Jn>  serves  a*  a  qamtiey  toner natation-dependent 
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which  lake  advuuage  of  (heir  large  difference  is  Ha  (set 
Fig  1  for  HJ, 

S  =  - (IRM.jdu  mT )iJa, 

H1RM=  (./,,+  IRM  ja,  mT)/2. 

The  symbol  IRM  w  mT  uglifies  the  RM  obtained  by 
first  saturating  the  sample  10  +1.5  T.  and  then  applying 
-  300  mT  10  demagnetize  the  magnetite  component  of  J  „ 
The  remaining  RM  it  due  to  the  higher-coerdviry  hematite 
fraction,  became  while  mapetite  saturates  at  300  mT,  hema¬ 
tite  reepures  1000  mT  or  more  In  the  absence  of  hematite. 
5» I  whereat  as  toe  absence  of  magnetite  HIRMal 

C.  Orton  Mar  topwto*  pnrmwtonri 

Although  magnebc  properties  are  not  directly  related  to 
actual  grata  size,  they  do  reflect  (he  pretence  or  absence  of 
(0  magnetic  relaiation  phenomena  and  Oi)  magnetic  do¬ 
mains  and  their  relative  aumbet  in  a  sample  We  list  below 
the  most  popular  parameters  measured  ai  room  temperature 
by  ruck  magnetnas  10  had  out  where  the  mean  ut  median 
value  of  1  giver  sue  dntnbuuua  occurs  with  respect  10  three 
critical  size  thresholds  tor  magnetic  transitions  (0  super 
paramagnetic  (SPt 10  thermally  stable  d, .  tut  UAfk-dOOUlfi 
(SO)  to  rwo-domata  J„,  aad  (ui)  pscsrtnsingte -domain 
(PSO)  to  "nut  muhidneniia"  (MOl  trauauon  rf.  Table  I 
lots  toe  threshold  values  for  ctonc  magnetite  determined  by 
dtfkrem  astours  ntor  czpmmcniaUy.  «  tram  theory  of  n) 
a  fnan  cqmhbnsm  domawi  states,  or  (ui  toe  more  general 
naaegmlibnsm  MMcromagncnc  models  " 

The  antaruia  d .  .  refers  to  toe  theoretical  miunug  sue 
pusaabh  fat  SO  stair  when  tor  grass  a  only  m  a  local  energy 
raammam  For  those  imrrrrad  m  nr  manes  magarriranoo. 
tor  pMudmangk-domnn  (PSD)  range141’  of  magnetite  0  0b 
to  10  pa.  a  r  very  ssrfnl  cmpuacal  sue  wtados  PSD 
grata*  have  RM  vetoes  Im*  torn  SO  bur  their  subdiry  10  a) 
itraaagarnisana  and  H„  value*  *  bgh  like  SO  grama 

The  cntlcrl  votoare  V,  above  stock  mpetperamag- 
acuara  lie  .  togh  1  to  m  RM)  dnappearv  was  pvee  by 
Hem  and  Inupan’*  as 

V,-:U  totf^l  Mnto/f.- 

•tots  1  is  Unarm  an  ai  comtaat.  anempi  frequency 
/,-  I  •  10  *  *  '.in  mrmunag  tone,  *i»  a  toe  free  air  pet 
amtotoy.  ¥,  n  saiarado*  magarrueanoa.  and  W,  11  the  mi 
rrantpc  irercm  tores  I  cturnng  lempcialurc  T  «  area 
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Experimental  data  of  J ,t  and  H,,  have  also  been  used  by 
Thompson  and  Oldlietd7  to  construct  Fig.  4,  to  identify  the 
different  magnetic  domain  states  of  magnetite,  as  well  as  to 
indicate  the  presence  of  hematite  in  a  given  mixture  through 
its  unusually  high  coercivity  of  remane  nee  fHa>200-300 

md. 
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surement  umc  t  kadr*  u»  the  mull*  \t4±*k  SD  behavior  when 
KM  bcuxmc'i  viubk  aaJ  low  held  uivcrptibdit)  \  t>  >m*ll 
Therefore,  <t  common  technique  <M  3UI  1C  lot  defecting  SP 
grain*  ha*  been  to  measure  the  pciccnugc  dccicavc  *,j  in  * 
when  mctcvuied  <a  ihwt  ^1)  «nd  MMM)  Hi  **  Thus. 
\j4  -  1 1)1)1  |v-)  MMm>'  twu  **  h**  been  pointed  out*  that  *c 
cording  to  Seel  *  theur>  of  magnetic  rcUxalioa  \fJ  above 
reflect*  grata*  between  IM  and  20  am  ooi>,  nut  all  the  SP 
grant*  41  MU)  K  fur  magnetite,  h  ■  M)  am  Hunt.  ICkietvchka, 
4nd  Sun1  have  now  diuwn  «f»g  -t  that  experimental  Jala  oo 
of  ivnihetic  magnetite  vooftmM  the  above  wiaiemcnt  and 
4  different  appr»  wich  »Pig  b  beWiw  ►  iv  orcc-ivtrv  to  determine 
the  complete  SP  fraction  m  4  wmpk 

Sent,  we  di*cu**  the  detection  of  *fi*m  larger  than  SP, 
i  c  .  SD,  PSD.  wod  SID  The  mo*t  frtqucall)  awed  method'* 
for  r«»4l*v«  gj wiHin  determination  for  ihrtmdU  «u6k 
gnuRA  w  to  plot  hyitrrnn  pMtrwen  7^7,  *1  !>** 

lutj.  after  cycling  4  magnetite  bearing  campfc  in  4  Urge 
Mturatmg  Rehi,  way.  SX)  rot  UniAtuI  «nfk  A«um  puftt. 
in  the  abwence  of  grain  tMeffetiom,  thou  id  <k*pUy 
/,v./¥  -O  '  and  -  1  V  wh*k  the  Urgev  0*  "true  mui 

Udumam  tampivn  have  value*  -  0  JO  end  Htr  H ..  -  '  5 
V»  wen  m  Fig  he*,  (here  w  e*>  eftarp  ttetutina  m  the  mag 
nctH.  pmunctcr*  above  the  cUmucai  utgK  domain  u>  rw\> 
domain  threshold  U„  Instead.  there  n  4  imwCt  trafltutmn 
4 punning  the  pneudiwtngk  domain  regie*.  0  I  |0  **m  A 
me  joe  dvfknrftcy  of  Pig  K*>  n  thel  it  ciinwnf  dawrangwnh 
between  <»)  4  nurture  »f  «m.  ray.  O  '  end  40  |ii».  «nd  in)  « 
S^mugentfiiun  «ample  *>f  10  *»m  lechwm.  'huem.  and 
lUwrtw'  find  that  Pouner  nuNm  nf  the  hrMtfrw  W»jp 
c*n,  however,  accumplmh  that  givd 

Igurt  Hh»  «how*  that  A  JIM  tmtimttt  y#  n  j  M 
magnetite  ‘  ere  aweful  frw  dMtmguwhmg  gramns/e*  hekvw 
nn.  which  m  die  »hrr%ftuW  foe  «mv  ohwmtwi  m  ta  ngetral 
mtcronctiye  the  «lupe  1  mcreatue*  r«p«dh  M*«r  I  0 
end  0  I  (nwr  dke  SD  thfrnhnW*.  mi  the  gpUfst  dgN 
increase  at  y  w  *n  ettUct  uf  MtfmtdiMr  tdnmmw  of  %p 


M.  MAONmC  RECORDS  OF  PAST  CLIMATE 
CHANGE 

The  most  reliable  magnetic  proxies  of  climate  change 
have  come  from  concentration  variation  of  magnetite  in  ma- 
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fine  sediments.  Such  magnetite  owes  its  origin7  to  (i)  distant 
volcanic  eruptions  and  forest  Ares,  or  (ii)  ice-rafted  detritus 
during  warm  interglacial  times,  or  (iii)  monsoon  winds  blow¬ 
ing  over  arid  land.  Prior  to  our  discovery  of  the  magnetic 
proxies,  much  effort  was  spent  in  testing  geologically  the 
so-called  Milankovitch  theory  of  ice  ages.  This  theory  claims 
that  variations  in  the  (i)  eccentricity  of  the  Earth's  orbit 
around  the  Sun,  (ii)  the  obliquity  or  tilt  of  the  Earth's  rotation 
axis,  and  (iii)  the  precessional  motion  of  the  Earth’s  poles — 
all  three  contribute  to  variations  in  insolation  from  the  Sun, 
and  cause  periodic  cold  glacial  and  warm  interglacial 


times.25  We  discuss  here  three  situations  where  the  availabil¬ 
ity  of  high-precision  and  high-resolution  magnetic  suscepti¬ 
bility  data  have  conftrmed  many  details  of  the  Milankovitch 
theory. 

First,  Blomendahl  et  at.  have  studied  x  versus  depth  ob¬ 
tained  from  four  widely  separated  cores  of  ocean  sediments 
in  the  eastern  Atlantic,  next  to  west  Africa.26  They  have 
shown  that  \  profiles  correlate  very  well  with  variations  in 
the  glacial  ice  sheets  that  carry  magnetite-bearing  rock  debris 
to  lower  latitudes  during  warmer  times.  Second,  they  have 
observed  similar  records  of  changes  in  wind-bome  magnetite 
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in  the  Arabian  sea  as  a  proxy  of  chances  in  the  inirnsny  ol 
paJeomoosoons  off  the  Arabian  coast  . 

Finally,  we  owe  lo  magnetism  our  first  attempts  at  a 
high-resolution  comparison  of  oceanic  and  continental  cli¬ 
mates.  Most  of  the  reliable  proxy  data  for  global  climate 
change  over  the  last  1  (100  (100  years  have  come  from  the 
variations  in  oxygen  isotopes  ( S  '*0  which  measures  depar¬ 
tures  from  a  standard  ratio  of  '“O/  ’OI  preserved  in  the 
CaCO,  shells  of  fossil  foraminifera  in  ocean  sediments.  Such 
globally  averaged  (or  specmap)  5‘*0  on  the  right-hand  side 
of  Fig.  4  was  shown  by  Kukia  erafa  to  compare  well  in 
character  with  the  *  versus  depth  data  from  Xifeng  and  Luo- 
chuan  in  the  central  Chinese  loess  plateau  It  was  claimed 
that  during  glacial  times,  strong  winds  from  the  desert  bring 
nonmagnetic  silicates  which  dilute  the  concentration  of  the 
worldwide  "rain"  of  magnetite  caused  by  volcanic  eruptions 
and  forest  fires.  Hence.  Kukia  n  at.  concluded  (hat  tow  tem¬ 
peratures  in  central  China  (low  y)  have  varied  in  phase  with 
low  temperatures  recorded  by  the  ocean  sediments  (high 
<5 '“Ol 

Hovan  rial1*  have  now  shown  that  the  it '*11  record 
from  a  sediment  core  in  the  northwest  Pacific  follows  the 
accepted  globally  averaged  IsPK  stAfi  k~c  volume  record 
They  then  show  that  the  colian  flux  of  separated  sand  grams 
in  their  core  show  signs  of  strung  aridity  and  high  wind 
speed  li  e.,  greater  flux)  during  the  colder  glacial  limes  (posi¬ 
tive  S  "*0  values) 

However,  their  correlations  are  only  approximate,  be 
cause  when  the  Xifeng  magnetic  record  is  independently 
dated  by  I  he  presence  of  a  known  geomagnetic  polarity  re¬ 
versal.  il  does  not  match  exactly  the  colian  flux  record  Thus, 
the  locations  of  interglacial  S  layers  had  to  be  "corrected" 
downward  tn  order  to  match  the  oceanic  climate  record  in 
colian  flux  I  now  believe  that  the  lack  of  an  exact  fir  ts  due 
to  an  incorrect  model  for  y  variation,  bur  this  attempt  by 
Hovan  rf  of.  was  an  important  first  step  toward  establishing  a 
direct  correlation  between  continental  and  oceanic  climate 
records. 

Maher  and  Thompson's  work'0  shows  I  ha!  the  problem 
above  owes  its  origin,  at  least  partly,  to  two  sources  of  mag¬ 
netite  in  the  high  susceprtbtliry  S  layers  One  source  is  in¬ 
deed  magnetite  brought  from  elsewhere  The  other  is  fine¬ 
grained  superparamagneitc  ISP)  magnetite  produced  us  urn 
by  pcdogenic  alteration  (soil  forming)  of  paramagnetic  sili¬ 
cate  due  to  high  humidity  and  temperature  during  summer 
monsoons.  The  magnetic  proxy  record  thus  contains  both  the 
global  climate  record  and  its  regional  modification  We  have 
now  developed  a  method*  to  estimate  the  lota]  SP  fraction 
front  each  horizon  and  contrasted  this  fraction  for  two  nearby 
sites  in  China.  Bakaoyuan  and  Xifeng.  separated  by  Lrapan- 
shaan.  a  mountain  range  which  causes  a  rain  shadow  in  the 
arid  site.  Bakaoyuan 

Our  method  depends  on  warming  a  high-field  (2.5  T) 
low-temperature  (15  Kl  J„  in  rero  field  to  separate  the 
temperature-dependent  loss  of  remane  nee  by  all  grains  that 
are  SP  at  300  K  from  the  re  mane  nee  carried  by  coarse¬ 
grained  magnetite,  distinguished  by  their  sharp  Verwey  tran¬ 
sition  at  - 120  K  Figure  5  shows  the  comparison  of  •  glacial 
loess  (Lu>  and  its  overly  mg  interglacial  soil  (S„l  with  a  syn- 

J  kppk  Phya .  vw  75.  No  10  ts  May  IMe 
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thette  mixture  of  50:50  SP  and  MD  magnetite  Gtaphical 
methods  of  extrapolation  of  SP  remane  nee  lo  15  K  allow  the 
estimation  of  the  SP  contribution  which  is  then  divided  by 
ihe  total  Jn  at  1 5  K  lo  obtain  SP  total  fractions  shown  in  Fig 
Mai  This  fraction,  and  not  low-held  y,  more  accurately  rep¬ 
resents  past  changes  tn  summer  monsoon  intensity 

Out  data  show  that  during  the  coldest  glacial  periods.  L- 
and  L,t.  both  sites  show  the  expected  minima  in  SP  fraction, 
but.  the  more  humid  sue.  Xifeng  has  a  oonstsleafly  higher 
fraction  of  SP  grams  due  to  greater  local  pedogenesis  The 
difference  herw-ren  ihe  two  profiles  land  Baicaoyuan.  humid 
Xifeng)  thus  allows  us  tn  observe  ihe  regional  variations  in 
the  impact  ol  global  climate  changes  Even  an  unexpected 
observation,  that  during  S„  time  (5-10  ka  before  present  I 
both  sites  had  similar  pedogenesis  has  been  confirmed  inde¬ 
pendently  Figure  Mhl  shows  (he  hulk  giain-size  variation  of 
whole  sediments  i  magnetic  and  non-magnet ic  i  of  the  S„  ho 
runns  of  ihe  two  sites  Both  the  magnetic  and  bulk  grain-size 
data  say  that  pedogenesis  was  the  same  during  S0  tunc  One 
possible  interpretation  is  that  at  this  tunc  the  summet  mon¬ 
soon  came  from  South  China  Sea.  paralkl  to  the  mountain 
range,  thus  removing  the  rain  shadow  Future  derailed  wort 
at  these  and  other  sites  in  the  Chinese  loess  plateau  are  on¬ 
going.  both  at  our  laboratory  and  elsewhere  The  goal  is  to 
separate  true  global  climate  change  signatures  from  the  re¬ 
gional  ones  for  Asia,  so  (tut  we  can  finally  attempt  a  valid 
comparison  between  global  oceanic  and  continental  donates 
and  verify  the  validity  of  the  current  numerical  paleodimate 
models  for  predicting  past  temperatures  for  the  whole  Eanh 
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Collection,  measurement,  and  analysis  of  airborne  magnetic  particulates 
from  pollution  in  the  environment  (invited) 

4  f~t _ l - 

rTelip  J.  rlaTw? 

Department  uf  Physics,  Unnerstty  of  Pennsylvania,  Philadelphia.  Paussyhaiua  19104-6396 

Magnetic  paniculate*  in  die  environment,  collected  from  surfaces  and  directly  from  the  atmosphere, 
are  reported.  A  significant  percentage  of  magnetic  material  in  many  air-home  samples  consists  of 
spherical  magnetite  from  coal-burning  utilities  and  from  iroo/steel  manufacturing  with  panicle 
diameters  2- 10  pm  which  correspond  to  average  coercive  fields  of  -100  Oe  and  re  mane  nee  to 
saturation  ratios  of  0  1  The  amount  of  air-borne  magnetic  material  that  settles  to  the  ground  varies 
inversely  with  distance  from  its  source. 


L  WTROOUCTIOM 

A  common  component  of  respirable  magnetic  particu¬ 
lates  is  magnetite,  produced  during  the  formation  of  dust 
compounds  or  by  oxidaooo  of  Fe-containing  dust  (e  g,  cool 
ash  and  particulates  from  irorvsieel  making').  A  study  which 
characterized  (he  emissions  from  external  combustion  for 
electric  power  generation  noted  that  adequate  size  distribu¬ 
tion  data  for  Rue  gas  emissions  of  particulates  is  Mill  tacking 
for  bnuminous  coal- fired,  lignite-fired,  and  residual  oil-fired 
utility  hosiers. :  Control  of  toxic  emtauam  requires  improved 
information  about  the  spread  mad  settling  of  air-borne  par- 
lien  Inn,  wutet  heavy  metth  we  coodoBtd  on 

particles  rather  than  present  as  vapor.’  Particles  from  the 
ironfstcel  industry  or  coal  combustion  arc  relatively  mote 
hazardous  than  soil-derived  particles.'  In  Utah  County, 
deaths  row  in  proportion  to  air-borne  particles  less  than  10 
son  In  size:  a  particle  concentration  of  100  sig/ctn'  increased 
the  death  rate  by  16%  ’  There  is  little  direct  information 
about  the  expected  rates  of  removal  of  atmospheric  particu¬ 
lates  as  the  result  of  deposition  on  trees,  buildings,  or  other 
objects  on  the  Earth's  surface .* 

This  study  examines  the  sources  and  transport  of  air¬ 
borne  magnetic  material,  and  describes  methods  to  collect 
and  measure  magnetization  of  particulates  found  oo  plants, 
buildings,  and  other  surfaces;  in  trains,  upholstery,  spider 
webs,  beach  sand,  asbestos,  volcanic  ash.  weld  spatter,  stack 
effluent  from  iron/stecl  mills,  and  from  coal-burning  utilities. 
Samples  were  collected  by  volunteers  from  a  wide  variety  of 
local  Kins  in  several  countries. 

K.  SAMPLE  COLLECTION 
A.  Wiping  mm  Hmum 

Sufficient  magnetic  material  for  measuring  magnetiza¬ 
tion.  hystereaia  loops,  particle  size  aad  shape,  and  changes  in 
magnetization  with  temperature  can  be  obtained  by  wiping  a 
smooth  outdoor  surface  such  as  a  bee  trunk  or  wooden  sat¬ 
ing  with  a  motet  I  issue  of  the  kind  oiled  a  towlette,  which 
are  sometimes  distributed  with  aartine  meals.  We  have  stan¬ 
dardized  a  procedure  by  which  particles  are  acquired  from  an 
area  of  about  1000  cm3  using  both  sides  of  a  motet  tisue. 
The  ifesuo  is  then  placed  in  a  beaker  of  water  aad  agitated  or 
stirred.  Magnetic  particles  coOect  above  s  small  permanent 
magnet  placed  under  dm  bottom  surface  of  the  beaker.  Most 
of  the  water,  tissue  fragments,  aad  nonmagnetic  partides  are 


decanted,  aad  the  magnetic  particles  are  transferred  to  a  thin- 
walled  plastic  box.  They  follow  a  magnet  moved  beneath  the 
surface  of  the  box,  and  become  concentrated  into  a  circular 
compact  about  -30  pm  thick.  If  all  the  collected  material 
has  the  same  magnetization,  the  total  moment  of  the  col¬ 
lected  sample  is  proportional  to  the  circular  area  of  the  com¬ 
pact  In  this  way  in  approximate  value  of  the  total  magnetic 
moment  per  unit  area  deposited  oo  the  original  surface  can 
be  obtained  without  making  any  direct  magnetic  measure¬ 
ments  on  the  sample.  If  similar  surfaces  (i.e..  the  same  spe¬ 
cies  of  tree)  can  be  found  at  varying  distances  from  a  source 
of  particulates,  the  density  of  deposited  magnetic  particulates 
can  be  measured  as  a  function  of  distance  from  the  source. 

B.  dummy  nxficus  and  pumsnnunt  mapwti 

To  collect  magnetic  particulates  directly  from  the  atmo¬ 
sphere  rather  than  from  coaled  surfaces,  we  have  used  sticky 
tape,  a  cover  glass  coated  with  a  gummy  layer,  or  a  perma¬ 
nent  magnet  A  magnet  increases  collection  rates  by  a  factor 
of  ~25.  The  magnet  is  covered  with  a  layer  of  weighing 
paper  so  that  the  magnetic  particles  can  be  easily  removed.  A 
magnet  can  also  be  used  to  remove  particulates  from  sand, 
upholstery  fiber,  wooden  tables,  and  benches,  and  many 
other  sources  that  are  too  rough  or  porous  for  the  moist  tis¬ 
sues. 

Magnetic  material  collects  on  permanent  magnet  disks  at 
rates  generally  in  the  range  of  5-100  /iem u/cm7day,  or  on 
nonmagnetic  sticky  tape  or  grease-covered  slides  at  rates  of 
0.2-4  rtemu/cm*/d*y.  The  higher  depositions  rates  are  often 
found  near  local  iron/steel  manufacturing  or  coal-burning 
power  generation  sites. 

If  appropriate  natural  or  man-made  surfaces  are  avail¬ 
able,  wiping  with  a  motet  tissue  is  a  much  more  efficient  way 
to  collect  samples  than  the  use  of  magnets  or  sticky  surfaces. 
The  total  magnetic  moment  of  a  sample  collected  by  wiping 
1000  cm2  of  a  smoooth  tree  trunk  would  take  200  days  to 
collect  oo  a  1  cm3  magnet,  or  5000  days  oo  a  1  cm3  sticky 
surface  (in  the  same  location). 

HL  PARTICLE  NANDUNQ  AND  SUMMATION 

When  the  samples  are  dry,  magnetic  panicles  can  be  at 
least  partially  separated  from  nonmagnetic  material  (if  nec¬ 
essary)  using  a  paper -covered  permanent  magnet  However, 
small  magnetic  particles  collected  or  handled  with  a  peraia- 
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ncnt  magnet  become  magnetized,  and  fora  into  chains  and 
chimps.  To  resolve  individual  particles  in  a  micrograph,  the 
chimps  must  be  dispened  while  maiwiaining  a  relatively  high 
concentration  of  panicles.  One  method  is  to  transfer  particles 
to  a  small  sheer  or  foil  by  brushing  it  across  the  surface  of 
the  magnetic  compact 

To  study  size  and  shape  distributions  of  particles  col¬ 
lected  from  various  structures,  magnetic  material  is  concen¬ 
trated  onto  a  small  flat  surface.  Magnification  of  at  least 
500 x  is  required  hi  resolve  1  /am  spheres.  When  the  par¬ 
ticles  are  dumped,  have  broad  size  distributions,  or  lie  in 
different  planes,  a  scanning  electron  microscope  (SEM) 
gives  better  resolution  and  greater  depth  of  field  than  an  op¬ 
tical  microscope  An  SEM  equipped  with  an  s-ray  analytical 
apparatus  also  permits  chemical  analysts  of  the  particles. 

IV.  MAONETIC  MASURfMEHTS 

A  high-sensitivity  magnetometer  is  required  to  measure 
the  magnetization  of  typical  samples,  such  as  2-500  mg  of 
diamagnetic  leaf  or  bark  material  containing  low  concentra¬ 
tions  of  magnetic  materials,  20  >im  magnetite  spheres  from 
coal  os  oil  combustion  and  iron/steel  manufacturing,  or  fibers 
from  spider  webs  and  bouse  dust.  An  alternating-gradient 
force  magnetometer  (AGFM)7'*  with  sensitivity  of  10“* 
emu/Hz1 '  was  chosen  in  preference  to  a  superconducting 
quantum  interference  device  (SQUID)  because  the  AGFM  is 
much  faster  (magnetic  moment  versus  field  curves  in  30  s. 
moment  at  constant  field  from  77  to  300  K  in  10  min),  and 
can  measure  a  moment  up  to  the  Curie  temperature  of  mag¬ 
netite.  574  *C. 

V.  PURE  MAGNETITE 

Since  air-borne  magnetic  particles  ate  often  magnetite,  it 
is  useful  to  know  bow  the  structure-sensitive  properties  of 
pure  magnetite  depend  on  particle  size  and  temperature.  We 
prepared  ■  series  of  F*j04  particles  with  progressively 
smaller  size  ranges  by  successive  grinding  of  0.5-1  mm 
natural  grains  {H,m 2-6  Oe)  between  etched  microscope 
slides.  The  resultant  coercive  fields  span  two  orders  of  mag¬ 
nitude.  Low-temperature  measurements  permitted  the  prepa¬ 
ration  of  plots  of  H,  (77  K)IHr  (300  K)  vs  H,  (300  K)  [Fig. 
1(a)];  these  show  a  tenfold  increase  in  H,  at  77  K  for  par¬ 
ticles  with  the  smallest  H, . 

For  the  tower  coercive  field  magnetite  there  is  a  large 
abrupt  decrease  in  remanence  M,  (W)  near  120  K  when 
wanning  from  77  K  [Fig.  1(b)].  We  express  this  change  in 
M,  by  the  quantity  A  where 

A-[M,(77  K)-M,(e»/W,<77  K).  (I) 

M,(<)  is  found  by  extrapolating  back  to  77  K  the  remanence 
versos  temperature  measured  on  warming  above  the  transi¬ 
tion.  A  pkn  of  6  vs  H,  [Fig.  1(c)]  shows  a  difference  in 
low-temperature  remanence  behavior  for  magnetite  with  H, 
above  or  below  -300  Oe. 

VL  SOURCES  Of  AIROORWe  PARTICULATES 

The  magnetic  moment  of  mom  unboned  fossil  fuel  is 
small,  equivalent  to  -10  ppm  FejO,  by  weight.  Although 


FIG  I.  (»)  H,  (77  (300  10  nH,  (300  It);  (b)  M,  (WVJW,  (77  K)  v» 

r  as  •  fuacUon  of  H,  (300  10;  sod  (c)  S  vs  H,  (300  K):  All  fat  crated 
aural  FcjO. ,  with  dm  lor  paflido  frm  todj-bmuo*  and  iroWSttel 
ussfsrrarisa  indaded  ia  (c). 

fossil  fuel  is  basically  nonmagnetic,  some  produces  magne¬ 
tite  when  burned.10  The  magnetization  of  ash  resulting  from 
the  burning  of  many  fossil  fuels  and  other  combustible  ma¬ 
terials  is  equivalent  to  500-10  000  ppm  FejO,. 

The  magnetization  of  coal  ash  is  much  higher,  —160000 
ppm  FejO,,  doe  primarily  to  oxidation  of  iron  in  the  FeSj 
(pyrite)  component  of  coni.  Low-sulfur  coal  is  comparatively 
rare;  ordinary  bituminous  coal  has  a  sulfur  content  of  1.0%- 
4.5%  When  FeS}  is  heated  to  —1350  K  in  the  absence  of  air 
it  dmociatrt  to  fora  pyirhoute  (FeS)  and  sulfur  gas.  At 
higher  temperatures,  FeS  decomposes  into  sulfur  and  iron.  In 
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FKS  2.  Pan  Kuban  coUecml  froa  (»)  bottom  ash  ot  a  axl-bureing  dnm 
plant,  Ibl  stack  By  ask  (not  buratfif  patvehxcd  ami;  (cl  stack  fty  ash  from 
buna*  ao.  6  oil.  (d)  tree  trash  08  bit  (toot  a  aatl-burotoj  power  plaot;  <e) 
a  tree  trunk  0  2  fan  from  iron  and  steel  manu/actunag:  10  a  welded  angle 
non;  (f)  as  angle  no)  cut  with  a  torch,  (k)  the  water  balk  ot  a  spurt  erossots 
sggnratna;  (il  an  ttgholaaetid  seat  in  a  Sontkcni  Regstx  British  Rail  train.  ij> 
as  upkolsaercd  seal  is  a  London  Underground  train;  (k)  volcanic  ask. 
Samples  (a),  (bl.  (cl.  (hi.  (il.  (j).  and  (kl  were  oolkcacd  using  a  paper- 
coveted  permanent  magnet;  samples  (dl.  (el.  (0.  and  (g)  were  collected  by 
wiping  with  a  moist  tissue  Sample  (a!  uses  200  itm  bar  and  (b)-(kl  use  20 
>tm  bar. 

(his  process  spherical  particles  of  iron  are  formed  and  subse¬ 
quently  oxidized  to  magnetite  (FcyOJ  (Figs.  2(a),  2(b),  and 
2(d)].  For  every  weight  percent  sulfur  in  coal  there  is  ap¬ 
proximately  7%  of  pyrite-originated  iron  oxide  in  the  ash.” 
If  coal-burning  power  plants  in  the  U.S.  were  spread  uni¬ 
formly  across  the  country,  and  one  percent  of  the  fly  ash 
became  air  borne  and  settled  to  the  ground,  magnetization 
would  accumulate  at  a  rate  of  -0.7  psemu/cm2/day.  This  is  in 
the  range  of  measured  values  in  many  nonindustrial  areas. 
Fly  ash  from  oil  combustion  [Fig.  2(c)]  contains  less  iron 
than  ash  from  coal  combustion.'3  Relatively  huge  magnetic 
spheres,  up  to  200  run,  were  found  in  this  work  in  upholstery 
on  oil-buming  ferries,  and  on  the  ground  and  rooftops  near 
oil-fired  utilities. 

X-ray-diffraction  analysis  shows  that  the  crystalline  por¬ 
tion  of  magnetic  fly  ash  from  coal  combustion  is  composed 
primarily  of  magnetite.'1  The  magnetite  particles  are  spheri¬ 
cal,  with  a  characteristic  “orange-peer  surface  when  viewed 
under  the  microscope. 

The  ferrous  metallurgical  industry  contributes  to  particu¬ 
late  poihition  of  (he  atmosphere  in  a  number  of  operations." 
Levels  of  hmg  contamination  me  highest  among  blast  fur¬ 
nace  workers.  Magnetic  dust  pollution  from  iroo/steel  mills 
ix  reported  to  vary  with  rijetanrr  from  i  mill,'1  and  much  of 
the  that  is  spherical  magnetite'*  [Fig.  2(e)], 

V*.  MEASUREMENTS 

Dispersion  patterns  for  dust  from  coal-burning  utilities 
or  from  iron/stecl  manufacturing  have  been  found  by  mea¬ 


suring  magnetization  as  a  function  of  distance  from  these 
sources.  The  magnetization  M  is  generally  found  fro m  die 
diameter  of  compacts  collected  by  standardized  wiping  of  an 
area  A  of  relatively  smooth  tree  trunk  bark,  is  described 
above.  To  a  first  approximation,  MIA  from  coal-burning 
utilities  or  from  iroo/steel  manufacturing  varies  inversely 
with  the  distance  X  from  the  source: 

MIA=CIX.  (2) 

The  constant  C  ranges  from  -20  to  200  pemu  km/cm2,  de¬ 
pending  oo  source  capacity  and  particulate  emission  con¬ 
trols.  In  samples  from  a  localized  source,  the  particle  con¬ 
centration  is  generally  higher  in  the  direction  of  the 
prevailing  winds. 

A  high  percentage  of  magnetic  particles  in  many  areas  is 
spherical,  regardless  of  magnetization  level.  Energy- 
dispersive  x-ray  analyses  in  the  SEM  show  that  the  panicles 
consist  mainly  of  Fe  and  O.  These  spherical  panicles  have 
been  found  in  seven  U.S.  stales  ranging  from  industrial  areas 
in  Pennsylvania  and  New  Jersey  to  rural  areas  in  these  states 
and  in  Maine  and  Vermont.  As  an  example,  a  high  percentage 
of  spheres  was  found  in  central  Philadelphia,  where  M/A 
~20  pemu/cm2,  and  also  SS  km  southeast  downwind  of 
Philadelphia  in  the  ratal  pine  lands  at  Batsto,  NJ,  where  M/A 
- 1  pemu/cm2.  A  smaller  percentage  of  spherical  magnetic 
particulates  was  found  on  the  west  coast  in  Seattle,  WA 
( M/A  —10  /icmu/cm2),  when  then  is  less  coal  burning. 
Then  arc  almost  no  spherical  particles  75  Ion  to  the  west  and 
upwind  of  Seattle  in  the  Hoh  Rain  Forest  of  the  Olympic 
National  Park  (MIA  —0.4  /icmu/cm2).  Magnetic  sphens 
wen  almost  nonexistent  in  Israel  (MIA  —0.3  /lemu/cm2), 
when  then  is  minimal  coal  combustion  or  iron/stecl  indus- 
try. 

When  only  a  portion  of  the  magnetic  content  in  a  sample 
is  pure  Fe304.  S  falls  below  the  curve  in  Fig.  1(c).  Having 
measured  the  coercivity  for  each  sample,  the  average  value 
of  S  for  a  collection  of  particles  from  iron/stecl  manufactur¬ 
ing  is  0.4,  and  from  coal-burning  utilities  is  0.25.  The  sim¬ 
plest  interpretation  of  these  results  is  that  the  collected  par¬ 
ticles  an  -40%  and  25%  pun  magnetite,  respectively. 

On  this  interpretation,  measured  values  of  S  indicate  that 
the  composition  of  magnetic  particles  from  a  single  source 
can  range  from  0%  to  100%  pun  Fe  j04 . 

Spherical  iron  oxide  particles  also  come  from  weld 
spatter,'7  torch  cutting,  and  from  iron  machined  by  spark 
erosioa,>  [Figs.  2(0-2(h)].  Large  quantities  of  magnetic  dust 
an  found  in  the  lungs  of  welders.  " 

Over  10s  tons  of  extraterrestrial  black  metallic  spheres, 
10-80  fjm  in  size,  an  reported  to  reach  the  Earth  each 
year.17  Micrometeorites  an  collected  from  deep-sea  sedi¬ 
ments,  nraote  Arctic  ice  cons,  high-altitude  balloons,  rock¬ 
ets,  and  manned  Earth-orbiting  satellites.20  Even  if  these  par¬ 
ticles  have  the  magnetic  moment  of  magnetite  and  an 
distributed  uniformly  over  the  earth,  magnetization  would 
accumulate  at  a  rate  of  -10" 2  ^emu/cm2/day,  several  orders 
of  magnitude  below  the  lowest  levels  we  have  measured. 

Flakelike  magnetic  particles  given  off  by  the  braking 
system  of  rail  vehicles  an  present  in  high  concentrations  in 
older  coaches  on  Southern  Region  British  Rail  trains  [Fig. 
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2(0).  On  these  vehicles,  cast-iron  brake  Modes  are  applied  to 
steel  train  wheels  using  clasp-type  actuators  worked  by  com- 
presaed  air.  Similar  dust  found  throughout  the  London  Un¬ 
derground  in  large  quantities  is  commonly  referred  to  as 
"tunnel  dust.”  The  magnetic  metal  wear  portion  of  the  dust 
is  generated  primarily  by  erosion  of  wheels  and  rails  [Fig. 
2(j)J  This  material  is  not  spherical  and  is  generally  not  mag¬ 
netite.  Its  magnetic  properties  have  not  yet  been  extensively 
measured. 

Iron  occurs  in  volcanic  ash  as  soluble  salts,  coatings  of 
oxides  and  sulfides,  as  a  constituent  of  glass,  and  in  mineral 
phases.'1  16%  of  ash  particles  collected  from  Mount  St. 
Helens  after  its  volcanic  eruption  contain  some  magnetic  ma¬ 
terial,  but  they  are  not  spherical  [Fig  2<k)]. 

Magnetite  found  imbedded  in  raw  asbestos  and  in  asbes¬ 
tos  products  has  low  coercive  field.  Low-temperature  mea¬ 
surements  on  this  material  show  a  decrease  in  rrmaneoce  of 
up  to  90%  when  warming  through  120  K.  indicating  that  it  is 
primarily  slowly  grown  FC)04. 

Micrographs  of  magnetic  material  removed  from  tail 
pipes  of  diesel  and  gasoline  vehicles  include  only  a  few 
spherical  particles. 

VW.  DEPOSITION  OF  PARTICLES  ON  SURFACES 

At  the  lower  boundary  of  the  atmosphere,  particles  may 
be  removed  permanently  from  the  air  by  deposition  on  ob¬ 
jects.  Deposition  may  take  place  by  ooe  of  three  mecha¬ 
nisms:  sedimentation,  diffusion,  or  impaction.2 

A.  Plant* 

To  check  whether  magnetization  of  plants  is  confined  to 
their  surfaces,  we  have  examined  cross  sections  of  twigs  and 
found  the  magnetization  of  (he  core  to  be  almost  two  orders 
of  magnitude  below  that  of  the  surface.  Magnetization  on  the 
surface  of  a  twig  is  higher  at  leaf  and  bud  scan  than  in  dear 
areas.  A  scarred  region  is  rough  and  at  some  stage  gummy, 
enabling  it  to  retain  more  airborne  particulates. 

Since  magnetic  material  in  plants  is  found  mainly  oa  the 
surface,  we  express  magnetization  of  leaves  and  bait  per  unit 
area  rather  than  per  unit  mass.  Measured  magnetization  lev¬ 
els  within  a  geographic  region  depend  on  the  type  of  plant 
surface,  its  age,  and  its  surface  characteristics,  ss  well  as  on 
local  emission  levels  and  distance  from  an  emission  source. 
Relative  magnttwles  of  surface  magnetization  for  green 
leaves,  brown  leaves,  twig  bark,  and  trunk  bark  are  - 1,  2.5, 
50,  and  200.  respectively  (Fig.  3).  These  relative  magnitudes 
are  approximately  the  same  at  all  locations  studied. 

An  explanation  for  the  difference  in  magnetization  level 
for  adjacent  brown  and  green  portions  of  a  tingle  leaf  is  that 
the  brown  surface  is  rougher,  and  covered  with  fungi  which 
accumulate  during  senescence.  Fungi  collect  air-borne  par¬ 
ticulates  in  the  same  way  as  a  filter  in  an  air-handling 
system.23  Magnetization  of  leaves  covered  with  a  thick  layer 
of  fungi  [Figs.  4(a)  and  4(b)]  shows  a  geographic  diatributioa 
similar  to  that  of  fungus- free  green  leaves,  but  is  an  order  of 
magnitude  greater  (Fig.  3).  Fungi  that  grow  on  rotting  logs 
[Fig.  4(c)]  are  often  mechanically  self-supporting  and  due  to 
relatively  long  exposure  times,  the  magnetization  is  an  older 
of  magnitude  greater  than  for  thick  fungi  on  leaves  (Fig  3). 


SAMPLE  NUMBER 

FIG.  3.  Surface  magactizaboa  of  bark,  leaves,  and  fungi  from  nine  different 


High-temperature  measurements  have  been  made  on 
magnetic  particles  extracted  from  twigs.  They  show  the  Cu¬ 
rie  temperature  of  magnetite,  574  °C. 

On  average,  the  amount  of  material  acquired  by  wiping 
smooth  trunk  bark  is  equivalent  to  a  5  day  accumulation  on  a 
gummy  surface  exposed  at  the  same  site.  This  is  much  lower 
than  the  accumulation  on  thick  or  gummy  bark,  which  incor¬ 
porates  particles  into  its  structure. 


B.  Man-mad*  atructura* 

Up  to  five  times  as  much  magnetic  dust  is  collected  by 
wiping  exposed  house  siding  as  by  wiping  smooth  tree 
trunks.  If  the  siding  is  protected  from  rain  by  an  overhead 
structure,  the  magnetization  levels  are  about  five  times 
higher  than  if  the  siding  is  exposed  to  the  weather.  These 
observations  suggest  that  outdoor  surfaces  tend  to  reach  an 
equilibrium  concentration  of  magnetic  particles,  with  old 
particles  being  washed  away  as  new  ones  arrive. 


FIG.  4.  (l!  Powdery  mildew  (Mkroptwcrx  itni)  oa  <  sycamore  leaf.  M/A 
•150  sscrowca]1  (b)  mildew  on  a  Mac  leaf,  M/A  -75  petm/cm2;  and  (c) 
CorMaa  veraiooior,  M/A  - 1400  itmalaa1. 
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C.  Otter  akucturw 

Home  dust  sad  spider  webs  are  highy  efficient  collectors 
of  magnetic  particles.  Magnetic  particulates  are  distributed 
throughout  house  (hist  (dust  balls  found  under  furniture). 
Magnetization  per  unit  mass  of  dust  at  a  given  location  is 
relatively  independent  of  the  size  of  the  dust  ball,  implying 
that  magnetic  and  nonmagnetic  components  of  dust  accumu¬ 
late  together.  Spider  webs  have  similar  values  of  moment  per 
unit  mass:  generally  2X104  and  2x10s  piemu/g.  although 
many  spider  webs  have  an  average  life  of  only  1  day.  From 
measurements  of  magnetization  and  of  particle  diameter 
based  on  values  of  H, ,  house  dust  and  spider  webs  in  some 
locations  contain  between  106  and  107  magnetic  particles  per 
gram. 

Upholstery  fiber  is  an  effective  medium  for  collecting 
particles,  which  can  be  easily  removed  with  a  paper-covered 
magnet.  In  a  London  Underground  train,  as  much  as  300  mg 
of  magnetic  dust  can  be  removed  in  less  than  1  min  from  a 
1000  cm2  area  of  a  seat  covered  with  closely  woven  fabric 
(-1  mm  nap),  using  a  l-in.-diam  permanent  magnet  disk. 
Similar  amounts  have  been  removed  from  seats  in  Southern 
Region  British  Rail  trains. 

D.  Road  dun* 

Magnetization  deposited  near  the  edge  of  a  road  has 
been  measured  by  collecting  particles  on  sticky  tape  wound 
circumferentially  on  a  pole  or  tree.  These  particles  are  pri¬ 
marily  nonspherical  road  dust,  some  of  which  comes  from 
rust  and  attrition  of  vehicles,  pipes,  and  other  iron/steel  sur¬ 
faces.  Accumulation  rates  are  approximately  eight  times 
higher  on  the  tape  surface  facing  oncoming  traffic,  since  road 
dust  appears  to  be  carried  along  in  the  wakes  of  moving 
vehicles.  Rates  at  the  edge  of  a  roadway  vary  with  elevation 
E  in  meters  above  ground  level  as 

MlntJAl=kE-'>,  (3) 

where  M^  is  the  magnetization  averaged  over  four  direc¬ 
tions  (N,S,E,W);  A  is  as  large  as  100  piemu  m1 5/cm2  day  for 
heavy  traffic.  At  distances  of  100  m  or  mote  from  many 
roadways,  accumulations  are  much  lower  and  there  is  no 
significant  dependence  on  direction  or  elevation. 

DC  COERCIVE  FIELD  OF  PARTICULATES 

Discounting  road  dust,  magnetic  particles  from  the  envi¬ 
ronment  fall  into  two  general  categories.  A  lower  coercive 
field  material  found  in  asbestos,  peat  moss,  soil,  and  some 
sand  is  slowly  grown,  unstrained  Fe304  with  relatively  large 
particle  size,  not  as  readily  transported  through  the  air  be¬ 
cause  of  its  size.  Higher  coercive  field  particles  in  the  second 
class  are  small  enough  to  be  air  borne  and  behave  like 
crushed  magnetite.  They  are  primarily  rapidly  cooled,  oxi¬ 
dized  iron  spheres  bom  power-plant  coal  and  oil  combus¬ 
tion,  and  bora  iron/steel  manufacturing.  Locations  at  which 
these  air-borne  magnetic  spheres  are  found  span  the  globe 
(Fig.  5). 

Heider,  Dunlop,  and  Sugiun24  found  a  relationship  be¬ 
tween  particle  diameter  d  and  coercive  field  in  magnetite. 


town 


FIG.  5.  Magnetic  particles  removed  by  wiping  relatively  smooth  trunk  hark 
with  a  tissue  in  (a),(b)  England;  (c)  France;  (d)  Japan;  (cl  Chechoslovakia; 
(f)  the  Netherlands,  and  (g),(h)  the  U.S. 


The  relationship  is  different  for  crushed  and  for  slowly 
grown  magnetite.  For  crushed  Fe304,  d  is  related  to  Hr  (Oe) 
by  the  expression 

d  (Mm )  =  (Hc/C)-23,  (4) 

where  C  is  171  Oe  fun'" 

Using  Eq.  (4)  and  experimental  values  of  Hc ,  particle 
diameters  for  small  diameter,  high  Hc  spheres  collected  bom 
the  atmosphere  are  calculated  to  extend  from  -2  /cm 
(Wt  =  127  Oe)  to  —10  pun  (/fc=64  Oe).  similar  to  the  sizes 
we  observe  in  micrographs  [Figs.  2(a)-2(e)  and  Fig.  5]. 

Based  on  Hc .  the  average  diameter  of  particles  on  trunk 
bark  [Eq.  (4)]  is  -50%  greater  than  on  green  leaves;  par¬ 
ticles  removed  bom  bark  by  wiping  with  tissues  are  more 
than  twice  the  average  diameter  of  the  high  percentage  which 
remain  imbedded. 

When  magnetic  samples  are  measured  as  a  function  of 
distance  from  a  coal-burning  utility  plant  or  from  iron/steel 
manufacturing,  we  find  a  gradual  reduction  in  Hc  as  well  as 
the  decrease  in  M/A  described  earlier.  One  reason  for  this 
behavior  in  H c  could  be  a  background  of  lower  coercive  field 
magnetite  bom  the  soil  which  makes  a  relatively  larger  con¬ 
tribution  at  greater  distances  from  the  source.  A  reduction  in 
Hc  could  also  be  due  to  an  increase  in  particle  size  at  greater 
distances  from  the  source,  although  it  would  seem  that  larger 
particles  should  settle  from  the  atmosphere  faster  and  so  be 
concentrated  near  the  source.  Using  Eq.  (4),  the  average  par¬ 
ticle  diameter  would  have  to  double  as  the  distance  from  the 
source  increased  by  an  order  of  magnitude  in  order  to  ac¬ 
count  for  the  decrease  in  Hc.ll  has  been  suggested  that  in 
the  particle  size  range  between  1  and  10  pun,  the  smaller 
particles  which  normally  settle  more  slowly  are  removed 
from  the  lowest  atmospheric  layer  by  impaction  on  trees  and 
buildings  while  those  as  large  as  10  pun  are  kept  air  borne  for 
extended  time  by  turbulent  diffusion.21  Since  there  is  a  broad 
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distribution  in  particle  size  in  virtually  all  our  sample*,  il  is 
difficult  to  fet  a  reliable  value  for  average  particle  stae  from 
examination  ad  micrographs. 

Estimate*  of  d  based  on  f/c  indicate  particles  from  iron/ 
steel  lasrnifsmiring  are  on  average  -23  times  larger  than 
particles  from  coal-burning  militias, 

X.n*TM9t  STUDY 

Because  coercive  field  depends  on  particle  size  in  a 
known  way  for  slowly  grown  and  crushed  magnetite,  Fe504 
should  lewd  itself  to  controlled  studies  of  air-borne  particu¬ 
late  transport  and  deposition.  More  quantitative  studies  of 
size  and  shape  dirtributioae  of  magnetic  particles  need  to  be 
made,  using  the  SEM.  Since  spherical  iron  oxide  magnetic 
particulates  are  often  generated  in  conjunction  with  sulfur 
dioxide,  it  seems  likely  that  there  should  be  a  correlation 
between  the  deposition  of  magnetite  particles  and  the  occur¬ 
rence  of  acid  rain.  Lastly,  it  should  be  useful  to  look  for 
spherical  magnetic  particles  in  lung  tissue  of  patients  who 
(tic  of  icapiratory-reUted  illness,  and  to  measure  the  mag¬ 
netic  properties  of  the  particles  if  and  when  they  are  found. 
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Dynamics  of  the  one-dimensionai  spin-1  Heisenberg  antiferromagnet 
with  exchange  and  single-site  anisotropy 

Shu  Zhang,  tongmin  Yu,  V.  S  Vtcwanath,  Joachim  Stotza,*1  and  Gortmrd  Mutter 

Dtporm nr  of  Physics  The  Umiversuy  of  Rhode  Island.  Kingston,  Rhode  Island  0288  1-08/7 

TV  r-0  dynamical  properties  of  (V  one-dimensional  j-  1  XXI  model  with  an  additional 
uaglc-site  term  a re  investigated  by  meant  of  the  recursion  method.  TV  dynamic  structure  factors 
S^Jq- a, to),  M“S,2  beat  the  characteristic  signatures  of  several  different  phase  transitions.  In 
the  j  - 1  Heisenberg  antiferromagnet,  the  intrinsic  linewidth  (at  fixed  q)  of  SMltfq,o>)  is  larger  for 
small  q  than  for  q  near  *,  in  contrast  to  well-established  results  for  the  corresponding  s  =i  model. 


Spin  chains  with  quantum  somber  r- 1  have  been  the 
object  of  — mi— «t  intense  study  ever  since  1963,  when 
Haldane1  first  predicted  the  existence  of  a  nonmagnetic 
phase  with  an  excitation  gap  for  the  isotropic  Heisenberg 
antiferromagnet.  That  research  activity  baa  led  to  a  broad 
roiweaaea  on  the  mam  features,  and  many  intricate  details  of 
the  T-0  phase  diagrams  pertaining  to  acversl  model  Hamil¬ 
tonians  mvotvtng  spin- 1  chants.  The  prototype  among  them 
is  the  Heisenberg  antiferromagnet  with  exchange  and  single- 


question  with  an  application  of  the  recursion  method.  The 
second  goal  will  be  a  study  of  tine  shapes  of  S^fq.ai)  for 
an  experimentally  relevant  situation. 

The  recursion  method,  which,  in  the  present  context,  is 
based  on  an  orthogonal  expansion  of  the  wave  function 
l<(t))»5;(-Ol*0>.  S*-trl,ille«Sr,  yields  (after 
several  intermediate  steps)7'*  a  sequence  of  continued- 

fractioo  coefficients  .  for  the  relaxation 

function. 
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Within  the  domain  0<JJJ<2.  0«DIJ*2  considered 
here  fos  the  two  anisotropy  parameters,  a  total  of  font  dis¬ 
tinct  T-0  phases  have  been  identified:2"5  (i)  A  Ned  phase 
(Af)  with  aatifcnomagncric  long-range  order  in  x  direction  is 
realized  for  sufficiently  large  JJJ  (a)  A  ringlet  phase  (5) 
characterized  by  a  aoode generate  ground  Hate,  and  an  exci¬ 
tation  gap  exists  for  large  DU.  (hi)  A  critical  phane  (C)  with 
algebraically  decaying  in-plane  correlation  function  (SJSJ.,) 
it  present  for  sufficiently  ubmUJJJ  and  DU.  (n)  Contigu¬ 
ous  to  these  three  phases  is  the  phase  ( H ) — the  one  first 
predicted  by  Haldane  Like  (5),  it  is  characterized  by  a  non¬ 
magnetic  singlet  ground  stare  with  an  excitation  gap.*  TV 
ground  stare  it  critical  on  the  boundaries  of  (H).  The  (C/H) 
tranritiim  it  of  the  Koaterfac-Thouiea  type,  and  the  (N/H) 
transition  is  of  the  2D-Uag  variety.  Both  transitions  are 
specified  by  a  single  ad  of  critical  exponents  for  the  entire 
phase  boundary,  except  at  the  endpotnta  TV  critical  expo¬ 
nents  at  I V  (S/H)  transition,  by  contnat,  vary  continuously 
along  tV  phase  boundary 

What  is  tV  charac  tarisric  signature  of  tV  four  phases, 
and  tV  impact  of  tV  three  tra— itioaa  on  tV  T-0  dynamic 
structure  focton  SM(q,  ai),  defined  as  the  Fourier  transforms 
at  tV  spacs-timt  oorrdetioa  fiactkma  fOVSf,.,),**” 

TV  fint  goal  at  this  study  la  to  investigate  this  important 


tOa  hare  hew  rit  tiamr  fir  fhyaik.  IMunM  D  iWiri  44221  Don 
mmdOtmamf. 


from  which  the  T=Q  dynamic  structure  factor  can  be  in¬ 
ferred  as 

S„{q,'*)  =  *(S?S* ,>0(o.)lim  ttfcriq.e- ■«>>] 

•  -0 

(3) 

TV  finite-size  ground-state  wave  function  |dh>  must  V  com¬ 
puted  up  from.  We  use  the  conjugate-gradient  method  for 
that  task.9 

Despite  the  nontrivial  N  dependence  of  |db>  in  the 
present  application,  the  first  K^N!  2  coefficients 
Af*(q),...,Af',(q)  are,  at  most,  weakly  size  dependent. 
They  reflect  key  properties  of  S^iq.v)  for  the  infinite  sys¬ 
tem  more  faithfully  than  the  subsequent  coefficients,  which 
depend  strongly  on  N.  Our  continued-fraction  analysis  uses 
foe  nearly  size- independent  coefficients  (i)  for  the  detection 
of  dynamically  relevant  excitation  gaps  ind  (ii)  for  the  de¬ 
termination  of  tV  spectral- weight  distribution  in  St„{q,v). 

As  is  typical  in  quantum  many-body  dynamics,  the 
nearly  size-independent  sequences  Af'lq),  t  «=  1..-X  ob¬ 
tained  here  grow  linearly  with  k,  on  average.and  exhibit  one 
or  several  pattern!  that  translate  into  specific  properties  of 
S„(q,w)  related  to  iV  type  of  ordering,  the  presence  of 
excitation  gaps,  tV  size  of  baodwidths,  and  tV  exponents  of 
infrared  singularities.  TV  techniques  of  analysis  for  these 
properties  have  been  described  in  previous  or  concurrent  ap- 
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FIG.  1  Py— Molly  rtkvaai  eicrtum  gap*  (or  operator*  S‘m  icvcfc*)  aad 
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TV  gap*  ut  derived  fraa  JC  *  6  aeairty  tac-adc^cadcN  coeoneed- fraction 
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pbcsCioos  of  die  recursion  method  to  the  ID  and  2D 
J-!  XX Z  models’41  and  the  ID  spin  s  XYZ  model.10 

For  our  first  task,  which  is  10  map  oul  ibe  rather  complex 
phase  diagram  of  (1)  in  die  given  parameter  range,  we 
choose  an  operator  (in  our  case  S'  with  </<*  tr  and  /i=x,z) 
which  we  know  or  expect  to  represent  the  critical  fluctua¬ 
tions  along  a  specified  phase  boundary.  The  method  of  deter¬ 
mining  the  dynamically  relevant  excitation  gap  for  that  op¬ 
erator  involves  the  matching  of  the  nearly  size-independent 

wcfficicuts  Affq) . AJ'(q).  with  the  first  K  coefficients 

A,(fl),... -ijrtfi)  of  a  suitable  model  dynamic  structure  factor 
that  has  a  gap  of  size  ()’  Since  the  matching  criterion  is  not 
unique  wc  cannot  expect  to  obtain  from  that  analysts  accu¬ 
rate  values  for  the  gap  sizes.  Nevertheless,  it  proves  to  be  a 
reliable  mdicafcx  for  the  identification  of  phase  boundaries 
and  the  dynamical  variables  that  ate  subject  to  critical  flue- 
tuatkxM. 

For  this  short  work,  we  have  carried  out  the  gap  analysis 
along  three  lines  m  (. JJJ.DU )  space.  In  Fig.  1(a)  we  have 
plotted  th tJjJ  dependence  for  fixed  D/7-0  of  the  excita¬ 
tion  gap*  which  are  dynamically  relevant  for  the  operators 
(circles)  and  A' (squares).  0,  our  analysis  yields 

a  Si  gap  very  dose  to  aero,  aad  it  remains  near  zero  over 
some  range  of  JJJ  values,  reflecting  the  extended  critical 
phaae  (C).  The  large  Si  gap  in  thal  region  indicates  that  the 
out-of-planc  ftsensatione  are  not  critical.  Even  past  the  tran¬ 
sition  to  the  Haktee  phase,  marked  ( C/H )  in  Fig.  1(a),  the 
Si  gap  opens  only  very  slowly,  which  is  typical  near  a 
Koaterfitz-Thoulesa-type  phaae  boundary  This  is  in  marked 
oontraal  to  the  more  rapid  dosing  of  the  Si  gap  at  the  other 
end  of  the  Haldane  phase.  The  (H/N)  transition  maria  the 
onset  of  antifcno— gnctic  long-range  order  hi  the  z  direc¬ 
tion.  The  targe  Si  gap  near  the  phaae  boundary  confirms 
Haldane's  prediction'  that  As  in-plane  fluctuations  have  so 
part  is  that  transition. 


For  the  second  line  in  parameter  space  [see  Fig.  1(b)], 
we  keep  the  exchange  parameter  fixed  at  7  JJ  =  1  and  vary 
the  single-site  parameter  D/7.  At  0/7-0,  which  is  equiva¬ 
lent  to  the  midpoint  of  line  (a),  the  S'w  gap  starts  out  nonzero 
and  grows  with  increasing  0/7,  which  reflects  the  fact  that 
low-frequency  out-of-plane  fluctuations  are  more  and  more 
suppressed  as  the  easy-plane  anisotropy  becomes  stranger. 
The  Si  gap.  by  contrast,  has  a  decreasing  trend.  Starting 
flora  the  same  value  at  0/7  =  0,  it  reaches  a  minimum  near 
zero  at  0/7=  1.0  and  then  grows  again.  The  minimum 
marks  the  (HIS)  transition  between  two  nonmagnetic 
phases,  where  only  the  staggered  in-plane  fluctuations  be¬ 
come  critical. 

Now  we  shift  the  line  0<D/7<  2  in  parameter  space 
from JJJ  =  1  [Fig.  1(b)]  to7,/7  =1.5  [Fig,  1(c)],  At  0/7  =  0 
the  system  is  in  the  Neel  phase.  Here  the  Si  gap  is  large, 
reflecting  the  transverse  spin  waves  of  a  uniaxial  armferro- 
magnet,  whereas  the  Si  gap  is  effectively  zero,  reflecting  the 
twofold  degeneracy  of  the  ground  stale  associated  with  anti- 
ferromagnetic  ordering.  As  0/7  increases  from  zero,  the  Si 
gap  stays  near  zero  up  to  the  (A l/H)  phase  boundary  at  0/7 
=  0.5,  where  it  suns  to  increase  very  rapidly  with  no  further 
change  in  course.  The  Si  gap  decreases  from  some  large 
value  as  0/7  increases  from  zero.  It  goes  through  a  mini¬ 
mum  near  zero  at  0/7=  1.7,  marking,  as  in  Fig.  1(b),  the 
( H/S )  transition,  now  shifted  to  a  higher  value  of  single-site 
anisotropy,  in  agreement  with  the  broadly  accepted 
picture.-'* 

The  significance  of  the  results  displayed  in  Fig.  I  is  that 
they  have  been  derived  entirely  from  the  ground-state  wave 
function  of  a  chain  with  just  N  =  1 2  spins.  It  is  certainly 
surprising  that  the  spectral  signatures  of  a  rather  complex 
phase  diagram  are  so  clearly  encoded  in  that  quantity  and 
that  this  information  is  so  easily  retrievable. 

The  same  type  of  gap  analysis  carried  out  for  the  q  de¬ 
pendence  of  the  operator  S'  yields  the  dispersion  of  the  low¬ 
est  branch  of  excitations  which  is  dynamically  relevant  for 
S„K(q.u).  Toward  our  second  goal  wc  reconstruct  the  dy¬ 
namic  structure  factor  itself  via  (3)  from  expression  (2)  with 

coefficient!  A f'iq) . AJ'fq)  and  a  termination  function 

tailored,  such  as  to  extrapolate  the  recognizable  pattern  of  the 
first  K  coefficients.  A  detailed  account  of  the  reconstruction 
has  been  reported  in  Ref.  8.  Here  we  must  limit  the  discus¬ 
sion  to  a  couple  of  specific  issues:  What  is  the  main  differ¬ 
ence  in  line  shape  between  the  functions  S„M(q. <u)  of  the 
5=  I  Heisenberg  aimfemxnagnet  and  its  s  =  1  counterpart, 
and  what  is  the  impact  of  a  small  easy-plane  single-site  an¬ 
isotropy  on  the  peak  positions  and  line  shapes  in  the  s  =  1 
case? 

Figure  2(a)  shows  the  reconstructed  (normalized)  dy¬ 
namic  structure  factor  SMI,(q,w)^Sll/,(q,ia)HS'St1)  at 
q-w/6  and  <7  =  5tr/6  for  the  ID  x=  I  Heisenberg  antiferro- 
magnet.  For  both  wave  numbers,  the  function  consists  of  a 
single  peak  with  nonzero  intrinsic  linewidth.  This  is  in  strong 
contrast  to  the  results  obtained  flora  truncated  continued 
fractions"  or  equivalent  procedures.12  which  are  sums  of  S 
functions,  often  broadened  into  Loren tzians  for  graphical 
representation. 

We  note  two  main  differences  between  the  results  of  Fig. 


J  Ap*  Ptiyu.  tot  78,  No.  10. 18  May  1904 


2hang  star. 


i  £;■ 


-  «*u 


FIC  2.  Neraaafczed  dynamic  uracknt  F»0  o( 

la) UK  ID  I*  1  Hencabcri  aadfcmmafaci  aad lb)  tkc  uat  node  I  W*k  an 
•rkkuonal  caay  plane  m*k-u*  annolnjpy.  DlJ -ttl*  We  itn  retain  for 
M  “ 1 .1 .  aad  <r-w»,  Saab.  Tkey  have  keen  damn)  knar  X*a  cvmtmtcd 
harm-  cnlUnna  Af'(y).»" I.  .  X  rnreclcd  fra  Ike  V  •  1 2  (raand- 
euac  wave  faacuoa  coratvncd  aah  ike  cuaaancrFfractam  anaiyira  deaenbed 
ia  kef  S.  The  am  mat  ike  path  at  each  curve  wkcaacv  Ike  energy  id  Ike 
la-cat  came  ana  aoazaru  Burnt  element  a  5,  («.ar)  ol  ike  A-  12 
ckaat 


2(a)  and  the  corresponding  results  of  the  j - l  model  (see 
Ref.  8):  (al  the  peak  positions  at  wave  numbers  q  aad  n-q 
are  the  same  for  s  -  (.but  differ  subsuni  tally  for  j  -  I  The 
symmetric  diapersioa  of  the  r  - J  chain  is  exactly  known,  and 
the  asymmetric  diapersioa  of  the  J  -  1  chain  has  been  well 
established  by  extensive  numerical  diagoaalizalioas. 11,2  (b) 
The  lincwithb  is  known  to  increase  moootonically  with  in¬ 
creasing  q  ia  the  r-  I  cate.*-11  but  ia  Fig.  2(a)  the  s-  1 
rtsuh  at  small  q  has  a  considerably  larger  linewidth  than  the 
ooe  at  4  near  w.  Our  r  ■  I  results  are  consistent  with  the 
findings  of  Refs.  II  and  12  that  the  spectral  weight  in 
“  dominated  by  a  single  8  function  al  q  near  w, 
but  less  so  at  small  q  The  apposite  trend  ■>  of  line  broadening 
in  the  j  -}  and  s  -  I  chains  may  be  understood  by  interpret¬ 
ing  the  observable  excitations  as  composites  of  different 
kinds  of  elementary  states 

The  presence  of  some  easy-plane  anisotropy.  DU 
-0.18.  then  the  functions  S„„(ir/6.«.)  and  S,,(5*f6.«),  as 
shown  in  Fig.  2(b).  In-piane  (ex)  and  out-of-plane  (zz)  fluc- 
I nations  are  now  represented  by  separate  peaks.  At  small  q, 
the  in-plane  peak  has  moved  up  and  the  out-of-plane  peak 
down.  At  small  w— q,  they  have  moved  in  opposite  direc¬ 


tions.  the  anisotropy  causes  an  increase  in  in-plane  line- 
widths.  The  peak  positions  of  the  reconstructed  functions 
SM(,(5w/6,*r)  shown  in  Fig.  2  are  in  good  agreement  with  the 
energies  of  the  lowest-lying  dynamically  relevant  excitation 
of  a  chain  with  N  =  12  spins  The  latter,  quoted  from  Ref.  12, 
are  indicated  by  arrows  in  Fig.  2.  However,  for  q-  w/6  the 
peaks  lie  significantly  higher  than  the  lowest  N-  12  excita¬ 
tion. 

The  significance  of  the  point  {JJJ  =  1 ,  DU- 0.18) 
in  the  parameter  space  of  Hamiltonian  (1)  is  its  physical 
realization  by  the  quasi- ID  magnetic  compound 
Ni(CjH*N2)2N0jC304  (NENP).  A  recent  inelastic  neutron 
scattering  study  on  that  compound1'  observes  well-defined 
resonances  for  0.3w*tq  <  w,  including  q  —  5  w/6,  where  our 
result  predicts  a  peak  with  small  but  nonzero  linewidth.  At 
smaller  wave  numbers  including  q  *  w/6,  the  resonance  in  the 
experiment  has  disappeared  in  a  broad  background  intensity. 
Here  our  analysis  predicts  a  broad  signal,  which,  when  mul¬ 
tiplied  by  the  very  small  integrated  intensity,  becomes  indeed 
undetectable  for  all  practical  purposes. 
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Ftrromagnctism  of  single  crystal  FafS3CN(C2Os)2]2Ci 

G.  C.  DeFoV.  W.  W.  Brubaker,  S.  Chandariapaty,  K  L  Bears,  and  G.  A  Coffey 

Ckemutry  Department,  College  of  WUham  and  Mary,  Williamsburg,  Wrjuua  231874795 

IV  fatty  detucrued  form  of  previously  studied  Fe{  S.CN  I C  _>H , ) ,  J.O .  needed  for  neutron  diffraction 
and  nattering  measurements,  has  been  prepared  for  the  first  time  and  its  magnetic  behavior  in  single 
crystal  form  studied  at  low  temperatures.  Susceptibility  and  magnetization  data  show  that 
FefSjCNtC'jDilijjCI  has  extremely  similar  magnetic  anisotropy  to  the  normal  material:  the 
monnclinic  [101]  direction  is  the  only  easy  axis  of  ferromagnetism,  with  the  orthogonal  [010]  and 
( 101  )x  axes  even  showing  antiferromagnetic-like  maxima  in  their  *(7)  near  Tc .  Only  along  [101] 
does  V  approach  saturation  at  low  fields.  Analysis  of  *(7)  in  the  paramagnetic  regime,  assuming 
axial  and  rhombic  crystal  field  distortions  described  by  If  =  />[5’:-S(5  +  l)/3]  +  £|S’2-5’2)  and 
me  hiding  exchange  interactions  in  a  mean  field  approximation,  leads  to  />/*  =  -  3  03(5)  K,  £/ 
*--0.49(4)  K.  and  a//*«0  99(3)  K  along  with  *,  =  2.058(20),  *,=  2.060(20),  and 
*,=2.080(20).  These  parameters  me  rather  similar  to  those  of  the  normal  material,  though  zJIk  is 
significantly  larger.  TV  ordering  temperature,  obtained  from  >  critical  law  fit  to  [101]  data  in  a  small 
field,  i«.,  *#=  Tr  ’,  a  7,-2.486(2)  K.  with  y=l.!6(l)  and  T=  1.07(5)  emu/mol.  The  critical 
exponent  y  is  tV  same  as  in  the  normal  material  mid  corresponds  to  the  theoretical  value  in 
Kawsmura's  Z.  x.S,  model.  An  -12%  enhancement  in  7,  over  that  of  the  normal  material  occurs, 
which  may  V  due  to  slightly  closet  molecular  packing.  75.30  Kz,  75  300,  75  30  Gw,  75.40  Cx 


L  MTHOOUCDOH 

Earlier  studies1'4  of  (V  unusual  peatacoordtnaic  Fe’’ 
compound  FeJSjCNIC^IjJXI  with  5  =  3/2,  fig  {.demon¬ 
strated  novel  critical  behavior  at  the  2.457  K  ferromagnetic 
transit  ion  Critical  exponents  y=  1.16(1),  £-0.24(1),  and 
A- 5  65051  were  obtained,  values  consistent  in  light  of  tV 
scaling  relation  (<F-  IV£-  y  Some  sparse  Vat  capacity  data' 
led  to  a  provisional  estimate  of  0-0.3816).’  also  consistent 
with  tV  above  exponents  in  light  of  tV  scaling  relation  a-  2 
-2£-  y.  These  exponents  differ  conadenbty  from  theoreti¬ 
cal  values  for  any  conventional  universality  class,  but  are 
close  to  values  found  by  Kawamura*  for  magnets  with 
ZjX5,  symmetry  Using  chiral  symmetry  combined  with  XY 
rotational  symmetry).  Such  symmetry  may  characterize  a 
canted  frnomagnet  with  Isiag  anisotropy,  as 
FetS^CNICjRiljJjCI  is  thought  to  V.  Determination  of  tV 
ordered  spin  arrangement  by  neutron  diffraction  is  needed  to 
confirm  this  hypothesis,  while  neutron  scattering  to  further 
probe  tV  critical  behavior  is  also  desirable.  Because  of  the 
large  incoherent  scattering  crons  teetjon  of  hydrogen,  and  the 
20  hydrogens  per  molecule,  demented  material  is  needed  in 
order  to  obtain  satisfactory  neutron  data.  Wt  present  here 
magnetization  and  susceptibility  data  on  single  crystals  of 


no  I  la)  Melanin  amnwf  of  MSiCNriVMikCl  (b>  rMou  of  mm 
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drtn crated  Fe(SXN(C.,D<);]Xl  and  find  that  the  behavior 
closely  approximates  that  of  the  normal  material,  so  that  neu¬ 
tron  data  should  V  relevant  to  both. 


Deuicnted  material  was  prepared  by  using  NH(C  ,0,); , 
from  Merck  A  Co  .  Inc.,  98  at  %  D.  as  a  starting  material  in 
place  of  normal  ammuse  and  following  published  procedures 
otherwise.’  Polycrystalline  Fe{SjCN(C,D,)-]jO  thus  ob¬ 
tained  exhibtted  a  melting  point.  237-241  °C.  essentially 
identical  to  that  observed  by  us  for  the  normal  material.  An 
IR  spectrum  (KBr  pellet  method)  of  the  demented  material 
showed  significant  shifts  in  several  absorplioo  peak  positions 
compared  to  the  normal  material,  but  tV  patterns  displayed 
many  similarities  in  structure,  and  were  easily  distinguish¬ 
able  from  IR  spectra  of  the  FefS.-CNi  CTXH),)  j,  precursors. 

Well  formed  single  crystals  of  Fe(SrCN(C,D,)J-0. 
morphologically  very  similar  to  the  normal  material  previ¬ 
ously  obtained  in  tV  same  fashion,  were  grown  from  meth¬ 
ylene  chloride  solution  TV  mooodinic  [101]  and  [010]  di- 
rectioos  were  readily  located  in  the  (101)  cleavage  plane 
which  characterizes  these  materials  Powder  x-ray  patterns  of 
normal  and  demented  material  are  virtually  identical,  imply 
tag  a  common  structure. 

Magnetic  measurements  were  made  with  a  vibrating 
sample  magnetometer  system  using  36.02  and  26.68  mg 
single -crystal  samples  Susceptibilities  are  corrected  for  dia¬ 
magnetism  -0.000212  emu/mol)  and  demagnetiza¬ 

tion.  In  the  analysis  of  critical  region  data,  with  f/w 
-  1 195(5)  G.  the  demagnetization  factor  was  inferred  from 
the  leveled  value  of  the  susceptibility  below  7,  in  the  usual 
way,  leading  to  A- 6. 1, 

0.  MEASUREMENTS  AMD  ANALYSIS 

Examination  of  the  single -crystal  susceptibility  as  a 
function  of  orientation  revealed  that,  ss  for  the  normal  ma- 
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tenai.  the  principal  ua  of  susceptibility  were  along  (he 
moaoeftate  twofold  ax»  [010).  (he  (101}  direction,  and  (hr 
direction  petpeodteuiar  lo  (he  cleavage  plane,  t  iol)  Figure 
2  shows  die  molar  susceptibility  versus  T  below  10  K  along 
each  principal  mm.  The  1 101  j  dtrcctioa  s  evidently  (he  fer¬ 
romagnetic  eaay  mm,  and  (macll  low-held  dau  attain  a  de¬ 
magnetization  limned  value  below  T( .  which  m  dearly  -  2  5 
K.  Along  the  orthogonal  (010)  and  1 101 l_  directum*  the  sus¬ 
ceptibility  haa  much  unallet  values  and  even  exhibits 
antiferronugneticlilie  maxima  at  2.45(31  K.  with 
».„-0  944(  10)  etna' mol,  along  (010)  and  at  2.41*  1)  K.  with 
a _ *0  758(10)  enumol.  along  (iol)  Rather  similar  be¬ 

havior  was  observed1  in  the  normal  matctial,  though  there 
(he  uuccptibthty  attained  a  higher  value  along  (tOI).  than 
along  [0I0J.  Given  the  exttemcly  large  sue  of  how¬ 
ever,  small  misalignments  could  affect  (he  relative  values  of 
and  4,1111;  near  the  transition 
Figure  3  shows  the  magnetization  versus  applied  held 
foe  each  mis  at  various  temperatures.  A a  approach  to  sstu 
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ration  at  relatively  low  held,  if  in  excess  of  (he  demagnetiz¬ 
ing  held,  is  seen  only  for  the  ( 101  ]  direction  and  is  indicative 
of  ferromagnetism  At  I  839  K  ( -  741  of  T, )  and  14  kG  the 
magnetization  is  ,  just  slightly  below  the  saturation 

value  of  3  00)4,  for  an  5=  3/2  system  assuming  g  =  2.00 
Although  this  is  about  31  less  than  seen  under  comparable 
conditions  for  (he  normal  material'  (he  difference  is  within 
caperimentai  uncertainty  Some  nonlinearity  is  apparent 
along  [010)  and  lioi)  directions  at  4.2  K,  and  somewhat 
different  degrees  of  tow  held  curvature  at  1.8  K  Also  dis¬ 
cernible  is  an  upturn  in  magnetization  along  these  two  lies 
at  1.8  K  for  larger  he  Ids  This  may  be  due  to  an  incipient 
spin- reorientation  transition.  The  behavior  along  (010]  and 
IIOII,  »  also  similar  to  dial  in  (he  normal  material,  (hough 
the  lesser  precision  of  the  earlier  data-'  made  die  curvatures 
less  dear 

Well  above  T,  the  susceptibility  can  be  analyzed  includ¬ 
ing  the  effects  of  Mia)  and  rhombic  crystal  held  distortions, 
which  produce  a  zero-held  splitting  <5 of  the  ‘A  ground  term 
The  spin  Hamiltonian  is 

H-D\S:,-SiS+D!))*F.\S;-S;)  +  n4glH,S, 

*grHj,  +  gfijt  |  (I) 

la  zero  field  the  eigenvalues  correspond  to  a  pair  of  Kramers 
doublets  separated  by  d-2<0:  +  3£*V  *.  If  0>O  and  |£7 
0(  is  small,  the  ground  doublet  ts  essentially  j  *  1/2)  and  the 
upper  doublet  \i¥l).  If  D< 0  the  levels  are  reversed. 
Singte-ion  susceptibilities  g,.gf  and  ^  can  be  calculated.1 
and  the  crystal  suscepobiUties  written  in  terms  of  these  using 
relations  between  [101],  [010).  MOD. .  and  a.y.z  axes  given 
by  the  structure  Baaed  on  the  x-ray  results  we  use  here 
0*20  7*.  0*4.05*.  and  y*21  I"  (Fig.  1)  as  earlier  for 
Fe(  SjCN(  C The  exchange  interaction,  H„  = 
-  22S,  ,,S, -S,.  must  also  be  accounted  for.  for  which  the 
mean-held  approximation  result  is  used* 

<2> 

An  avenge  interaction  J  over  i  neighbors  will  be  obtained 

tn  Fig.  4  appears  the  best  hi  (rtns  deviation  0.921)  ob- 
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tamed  to  data  between  7  K  1-37, 1  and  80  K.  all  three  axes 
being  til  simultaneously,  with  parameters  indicated.  The  tit¬ 
led  parameters  are  only  slightly  sensitive  to  the  minimum 
temperature  titled,  and  the  uncertainties  encompass  values 
from  »  6  and  8  K  tits.  Using  7.  .  =  5  K  leads  to  D  and 
E  about  7%  and  30%  larger  in  magnitude  I  same  signs)  and 
zj  about  9%  smaller,  but  a  substantially  worse  fit.  In  view  of 
the  mean-field  approximation  employed,  7^.  as  low  as  2T, 
is  best  avoided.  The  choice  of  x,y,  and  z  axes  in  Fig.  I  is 
necessary  in  order  to  obtain,  as  required,*  D  and  E  satisfying 
t£|«|0|/3. 

The  uutial  susceptibility  y0  along  the  ferromagnetic 
[101]  axis  was  analyzed  according  to  the  critical  law  form 

yo“fi  \  (3) 

where  r  -  ( T  -  T,VTt  The  best  fit  (rats  deviation  177. :  in 
the  range  2  491  -2  889  K  (0  0020<t<0  162)  is  shown  in  Fig 
3,  with  parameters  indicated.  Data  somewhat  beyond  2  889 
K.  to  »«<)  260,  are  also  plotted  and  conform  well  to  the 
fitted  line;  higher  temperature  data  do  not  The  precision  of 
Ihc  fitted  parameters  n  better  than  the  uncertainties  indicated, 
which  include  effects  of  using  slightly  different  7_  and 
7«„  »  the  fit 


iv.  imcumoN 


The  anisotropy  in  susceptibility  and  magnetization  data 
reported  here  for  FefSjCNtC.DylJjCI  a  virtually  the  same 
as  that  m  the  normal  material1  The  zero-field  splitting  pa¬ 
rameters  previously  reported  for  FetS^NlCjHyljljG  are' 
Ol** -3  32(5)  K  and  £/»*- 065(5)  K.  along  whh  i Jlk 
-0.81(5)  K.  g, - 2.09<5l.  g,  - 2, 1(85).  and  g,  - 1 12(5).  from 


a  5-20  K  fit.  As  noted  earlier,  if  the  present  fit  is  extended  to 
5  K  larger  |D|  and  |£|  emerge,  ones  which  are  almost  ex¬ 
actly  the  same  as  for  the  normal  material.  However,  zJ Ik 
remains  significantly  larger  (0.91  K)  than  for 
Fe[S2CN(C;H;),),CI  The  g,  values  in  a  5-80  K  fit  are  mar¬ 
ginally  enhanced  but  remain  l%-2%  smaller  than  those  of 
the  normal  material,  differences  which  are  within  experimen¬ 
tal  uncertainty.  Fitting  normal  material  data  with  Tmm  —  7  K 
leads  to  only  insignificant  variations  (0.05  K  or  less)  in 
D^.Elk,  and  zJ/k  We  believe  that  only  the  zJ/k  value 
shows  a  physically  significant  difference  between  the  two 
materials,  being  10% -20%  larger  in  the  deuterated  system. 

The  critical  exponent  y  in  Fe[S2CN(C2D,)2]:CI  is  indis¬ 
tinguishable  from  that  of  the  normal  material.  This  universal 
parameter  is  characteristic  of  a  magnetic  model  class,  which 
is  presumably  then  the  same  in  the  two  materials.  It  is  clear, 
however,  that  Tc  is  slightly  enhanced  in  the  deuterated  ma¬ 
terial,  by  about  1.2%.  This  is  consistent  with  the  larger  zJ 
value,  though  single-ion  anisotropy  also  plays  a  major  role  in 
determining  7V .  It  is  hypothesized  that  the  heavier  deuteron 
vibrates  with  a  lesser  amplitude  than  does  hydrogen,  making 
the  deuterated  molecule  effectively  smaller.  If  intermolecular 
separations  are  then  also  slightly  smaller  an  enhanced  ex¬ 
change  interaction,  and  enhanced  T, ,  are  expected. 

There  is  evidence  in  the  literature  for  the  suggested  deu- 
teration  effect.  For  example,  the  molar  volume  of  solid  CD4 
is  about  1.5%  smaller  at  70  K  than  that  of  solid  CH4.10  Deu- 
teratioo  also  leads  to  a  decrease  in  unit  cell  size  for 
C4HsN04Br"  and  HF.12  The  lesser  zero-point  energy  of  an 
X — D  bond  relative  to  an  X — H  bond  is  the  common  feature 
in  these  examples. 
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Spin-1 /2  Heisenberg  antiferromagnet  on  the  square  and  triangular  lattices: 
A  comparison  of  finite  temperature  properties 
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We  compare  and  contrast  the  behavior  of  the  sp.n-half  Heisenberg  antiferromagnet  on  the  square 
and  triangular  lattices.  For  both  models,  high  temperature  expansions  are  obtained  for  the  structure 
factor  at  the  ordering  vector,  the  correlation  length,  the  uniform  susceptibility,  and  the  entropy.  We 
show  that  the  antiferromagnetic  correlations  ar<-  significantly  larger  for  the  square  lattice  than  for  the 
triangular  lattice.  Analysis  of  the  structure  factor  and  the  correlation  length  shows  that  the  spin 
stiffness  is  an  order  of  magnitude  smaller  in  the  triangular  lattice  than  in  the  square  lattice.  These 
results  indicate  that  the  triangular  lattice,  although  weakly  ordered  at  T  =1).  is  close  to  a  quantum 
critical  point  Thus,  in  contrast  to  the  square  lattice,  a  semiclassical  spin-wave  picture  may  not  be 
sufficient  to  describe  the  ground  state. 


There  has  been  considerable  interest  during  the  last  years 
in  the  nature  of  the  ground  slate  of  two-dimensional  quantum 
spin  systems.  Most  attention  has  been  given  to  the  spin- 1,' 2 
Heisenberg  antiferromagnet  (HAFj  on  the  square  and  trian¬ 
gular  lattices.  Both  systems  show  long  range  magnetic  order 
(LRMO)  in  the  classical  case,  but  the  behavior  in  the  quan¬ 
tum  regime  has  been  a  subject  of  long  standing  debate.  Al¬ 
though  there  are  still  no  mathematically  rigorous  arguments 
for  the  ground  state  of  the  square  lattice,  there  is  overwhelm¬ 
ing  numerical1  4  evidence  supporting  LRMO  The  numerical 
studies  demonstrate  that  zero  temperature  properties  of  the 
system  like  the  ground  state  energy,  the  sublattice  magneti¬ 
zation.  the  spin-stiffness  constant,  and  the  spin-wave  velocity 
are  given  quantitatively  by  the  spin-wave  theory  truncated  at 
order  I  /S''*  Furthermore,  finite  temperature  properties, 
such  as  temperature  dependence  of  the  correlation  length, 
agree  extremely  well  with  a  renormalized  classical  picture 

In  contrast  to  the  square  lattice,  the  HAF  on  the  triangu¬ 
lar  lattice  is  a  frustrated  spin  system.  In  the  classical  limit, 
this  frustration  is  relieved  by  the  neighboring  spins  pointing 
at  120“  with  respect  to  each  other  and  ordering  in  the  three 
sublattice  pattern  For  the  quantum  case,  the  spin-wave 
theory1"'  predicts  that  the  ground  state  remains  ordered  in  the 
three  sublattice  pattern,  with  an  order  parameter  comparable 
to  the  square  lattice.  However,  many  alternative  propositions 
for  disordered  ground  states  have  also  been  made  Most  no¬ 
table  are  the  resonating  valence  bond  theory  of  Anderson11111 
and  the  variational  mapping  onto  the  quantum  Hall  state  by 
Kalmcyer  and  Laughlm1"’ 

Numerical  studies  of  this  model  include  variational 
studies,1'  exact  diagonalizalion  of  small  systems.141'  Isin^ 
expansions.1'’  and  recent  high  temperature  expansions.1 
Monte  Carlo  simulations  for  this  system  are  difficult  due  to 
sign  problems.  While  most  studies  favor  LRMO.  there  are 
considerable  variations  in  the  extent  to  which  (he  system  is 
predicted  to  be  ordered.  The  exact  diagonalizalion  study  of 
Bemu  ft  a/.14  predicts  a  sublattice  magnetization  about  .VTT 
of  the  classical  value,  nearly  the  same  as  in  spin-wave  theory 


They  also  find  the  low  lying  spectra  to  be  consistent  with 
LRMO.  However,  the  similar  data  led  Leung  and  Runge1'  to 
conclude  the  absence  of  LRMO.  The  Ising  expansions,1”  ex¬ 
trapolated  assuming  long  range  o', I.  .ggest  a  sublattice 

magnetization  of  2(FT  the  classical  value  Howevet.  the  ex¬ 
trapolations  also  suggested  that  the  Heisenberg  model  at 
T-l)  is  vei  close  to  the  critical  point  for  antiferromag- 
netisiu.  Thus,  these  zero  temperature  studies  are  unable  to 
reso’ve  the  question  of  whether  the  ground  s  ite  has  long 
range  order. 

High  temperature  expansions  present  an  unbiased 
method  for  studying  the  finite  temperature  thermodynamic 
properties  of  a  physical  system.  We  have  recently  calculated 
the  high  temperature  series  for  various  quantities  (structure 
factor  at  the  ordering  wave  vector,  correlation  length,  uni¬ 
form  susceptibility,  entropy  I  for  the  square  and  triangular 
lattices  up  to  order  12  in  l/T  Systematic  Padc  extrapolation 
of  these  series  show  that,  while  both  lattices  appear  to  have 
LRMO  at  T  =  0.  there  are  striking  quantitative  differences  in 
their  low  temperature  behavior.  The  triangular  lattice  is  much 
weakly  ordered  compared  to  the  square  lattice,  and  its  order¬ 
ing  tendencies  are  not  apparent  until  much  lower  tempera¬ 
tures. 

The  Heisenberg  antiferromagnet  is  defined  by  the  Hamil¬ 
tonian 

H^j'Z  S, -S,.  J> 0  111 

u.f) 

The  S,  are  spin- 1 12  operators  and  the  sum  is  over  all 
nearest-neighbor  INN)  pairs  of  sites  on  the  two  lattices.  From 
now  on  we  set  the  exchange  coupling  J  equal  to  unity.  The 
classical  ground  state  of  the  square  lattice  contains  two  sub¬ 
lattices  with  NN  spins  being  antiparallel.  On  the  triangular 
lattice  the  spins  form  three  sublattices  with  a  relative  angle  of 
1 20°  toward  each  other  Thus  the  ordering  wave  vector  Q  is 
given  by 
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(2) 


Q=  ir(l,I  )(sq.  lattice),  Q=- —  (l,0)(tr.  lattice) 

in  units  where  the  lattice  spacing  is  one. 

The  antiferr  magnetic  structure  factor  is  given  by 

S(Q)=2  exrfiQ  (R,-R,)]<s;s;>.  'M 

i 

The  phase  factors  arc  unity  if  the  two  sites  are  on  the  same 
sublattice  and  - 1  (square  lattice)  or  - 1/2  (triangular  lattice) 
for  different  subiattices.  A  similar  expression  can  be  derived 
for  the  correlation  length  {  giving 

fi"isTQ)  2  (R,-R,)2expliO  («.-R/»<s;s;).  (4) 

For  wave  vectors  q  near  the  ordering  wave  vector  Q,  this 
agrees  with  the  Omstein-Zemicke  form 
Slql^ilQiytl  +  fTq-Q)2].  In  addition  to  these  two  quanti¬ 
ties  we  have  generated  the  series  for  the  logarithm  of  the 
partition  function  In  l  and  the  uniform  structure  factor  S(q 
=0) 

Before  presenting  the  results  of  our  extrapolations  we 
discuss  (he  expected  behavior  at  low  temperatures.  For  an 
ordered  ground  state  the  correlation  length  is  expected  to 
grow  exponentially  as 

t*A,r  exp(<T/rKi+0<r)).  (5) 

The  corresponding  result  lor  the  structure  factor  at  the  order¬ 
ing  wave  vector  is 

S<Q)*Ajr  exp(2C7r](l +0(T)).  16) 

For  the  square  lattice,  there  exist  analytic  results  for  the  clas¬ 
sical  values  of  the  parameters  in  these  equations7 

z«*0,  y»2,  C*2*Ps  with  p,*S2.  (7) 

Here  p,  is  the  spin  stiffness  coefficient  for  twisting  the  spins. 
For  the  triangular  lattice  the  situation  is  more  complicated. 
The  ground  state  is  noncoflinear  resulting  in  two  distinct 
stiffnesses.  However,  calculations  by  Azaria  et  at.  '*  deter¬ 
mined  the  parameters  to  be 

x*  -0.5,  y«3,  C  =  6.99452.  (8) 

Thus,  the  classical  values  of  C  for  the  two  lattices  differ  by 
less  than  20%.  Latest  high  precision  quantum  Monte  Carlo 
simulations  of  the  square  lattice  found  the  spin  stiffness  to  be 
PJ>0.18644),<,  which  is  consistent  with  results  from  lsing 
expansions  at  T=0,  ps=0.l8±0.01.J°  This  is  a  reduction  to 
roughly  70%  of  the  bare  (classical  with  spin-5)  value  of 
0.25. 

We  analyzed  the  series  for  T  tog[4S(Q)]  and 
T  log[4rf'J/r— ]  as  a  function  of  temperature  where  T—,  the 
mean  held  transition  temperature  has  value  T— *=  I  for  the 
square  lattice  Mid  T— « 0.75  for  the  triaagnlai  lattice.  Note 
that  these  quantities  go  toward  2C  at  T  — 0  At  infinite  tem¬ 
perature  T  tog(45(Q)1  goes  to  the  mean  held  transition  tem¬ 
perature  and  T  log<4  Tf VZ,,,)  to  ■  constant  given  by  the 
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FIG  1.  Triangular  lattice:  71a(45tQ))vs7VT»,.'nieplaisrcpresem)/.,MJ 
Fades  iq  the  Eutef  traostonncd  variable  u=  1/(7  +  0.08).  The  insen  shows 
results  toe  the  conttauoa  length.  rtn(4rf:/r-rt)\s  T/Tml;u  =  l/(T+0.2). 


second  coefficient  of  the  series  for  The  series  were  ex¬ 
tended  beyond  their  radius  of  convergence  by  the  method  of 
Pade  approximants. 

In  Figs,  l  and  2  we  present  our  results  for  T  log(4S(Q)] 
as  function  of  temperature.  Extrapolations  of 
T  logoff 1nm)  are  shown  on  the  inserts.  For  these  plots  we 
first  made  an  Euler  transform  to  a  new  variable  u  =  1/(T +a) 
(values  for  a  are  given  in  the  figure  captions).  The  Pade 
analysis  was  (hen  done  in  (his  variable.  The  main  reason  for 
this  procedure  is  that  the  transformed  series  behaves  better 
then  the  original  one. 

The  plot  for  the  square  lattice  shows  an  increase  of 
T  log[4S(Q)l  and  T  k>g(47'{2/7'„j)  with  decreasing  T  tend¬ 
ing  toward  the  known  zero  temperature  value  of  4irps  ■  In  the 
temperature  regime  0.4<T<1  our  extrapolations  for  the  cor¬ 
relation  length  are  in  excellent  agreement  with  OMC  results 
from  Ding  and  Makivic,2  although  the  latter  define  the  cor¬ 
relation  length  through  the  exponential  decay  of  the  spin- 
spin  correlation  function.  Our  extrapolations  break  down  be¬ 
low  T  ""0.3,  because  at  such  low  temperatures  the  correlation 
length  is  much  larger  (approximately  50  lattice  spacings  at 
T  *  1/4)  than  our  largest  system  size  (13th  order). 

The  corresponding  procedure  for  the  triangular  lattice 
reveals  a  different  behavior.  T  k>g[4S(Q)]  and 
T  logoff2/ r„<]  both  decrease.  We  are  able  to  extrapolate 
out  data  down  to  r=0.2rrt.  Even  at  T =0.25.  the  correla¬ 
tion  length  is  quite  smell  (less  than  2  lattice  spacings).  How¬ 
ever,  our  data  extrapolate  to  a  value  of  2C"~0.2  as  T—0, 
apparently  nonzero  but  less  than  10%  of  the  bare  value  of 
3.497! 

One  may  argue  that  there  could  be  a  crossover  to  a  dif¬ 
ferent  behavior  at  temperature  lower  than  T=0.15.  However, 
if  this  should  be  the  case  every  method  to  determine  the  zero 
temperature  behavior  will  run  into  problems. 

Another  interesting  quantity  revealing  differences  be¬ 
tween  the  two  lattices  is  the  entropy.  In  Figs.  3  and  4  we 
present  the  extrapolations  of  the  entropy  per  site,  S/N,  as 
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FIG  2.  Square  lattice:  T  la(4S(Q)]  ud  T  M*T(J/T*]  (oo  the  insert)  vs  FIG.  4.  Square  Unice:  entropy  S/N  sod  susceptibility  4*  vs  777'.,;  u=  1/ 
r/r«,.u»  i/(r+o.2).  (r+o.2). 


function  of  temperature.  The  infinite  temperature  limit  is 
given  by  ht(2).  For  the  square  lattice  S/N  is  close  to  zero  for 
T= 0.25,  but  for  the  triangular  lattice  it  is  about  one-third  of 
the  infinite  temperature  value.  This  again  shows  that  the 
characteristic  energy  scale,  i.e.,  the  spin  stiffness,  is  much 
smaller  for  the  triangular  lattice  than  for  the  square  lattice. 

The  inserts  of  Figs.  3  and  4  show  the  results  for  the 
uniform  susceptibility  Jr<0)=7'"  ‘5(0),  which  is  expected  to 
go  to  a  finite  value  as  T— *0  and  to  have  a  maximum  at  some 
intermediate  temperature  marking  the  onset  of  short-range 
antiferromagnetic  order.  Again  this  maximum  occurs  for  the 
square  lattice  at  significantly  higher  temperature  (Tpnk~0.9) 
than  for  the  triangular  lattice  (T,** -0.3). 

To  conclude,  our  results  show  that  the  triangular  lattice 
has  weak  LRMO  at  zero  temperature.  However,  we  find 


striking  quantitative  differences  between  the  square  and  the 
triangular  lattices.  While  the  factor  C,  which  determines  the 
strengh  of  the  exponential,  is  similar  for  both  systems  in  the 
classical  limit,  drastic  differences  occur  in  the  quantum  re¬ 
gime.  For  the  square  lattice  C  is  reduced  to  roughly  70%  of 
the  bare  value;  a  reduction  that  can  be  described  quite  well  in 
a  1/5  expansion.  On  the  other  hand  the  corresponding  value 
for  the  triangular  lattice  is  less  than  10%  of  the  classical 
limit,  which  seems  to  indicate  that  a  scmidassical  spin-wave 
picture  may  not  be  sufficient  to  describe  the  ground  state 
properties  of  the  Heisenberg  antiferromagnet  on  the  triangu¬ 
lar  lattice. 
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Disorder-driven  first-order  phase  transformations:  A  model  for  hysteresis 

Karin  Dahmen,  Sivan  Kartha,  James  A.  Krumhansl,*,  Bruce  W.  Roberts, 

James  P.  Seth na,  and  Joel  0.  Shore61 

Laboratory  of  Atomic  and  Solid  State  Physics,  Cornell  University,  Ithaca,  New  York  14853-2501 

Hysteresis  loops  in  some  magnetic  systems  are  composed  of  small  avalanches  (manifesting 
themselves  as  Barkhausen  pulses).  Hysteresis  loops  in  other  first-order  phase  transitions  (including 
some  magnetic  systems)  often  occur  via  one  large  avalanche.  The  transition  between  these  two 
limiting  cases  is  studied,  by  varying  the  disorder  in  the  zero-temperature  random-field  Ising  model. 

Sweeping  the  external  field  through  zero  at  weak  disorder,  we  get  one  large  avalanche  with  small 
precursors  and  aftershocks.  At  strong  disorder,  we  get  a  distribution  of  small  avalanches  (small 
Barkhausen  effect).  At  the  critical  value  of  disorder  where  a  macroscopic  jump  in  the  magnetization 
first  occurs,  universal  power-law  behavior  of  the  magnetization  and  of  the  distribution  of 
(Barkhausen)  avalanches  is  found.  This  transition  is  studied  by  mean-field  theory,  perturbative 
expansions,  and  numerical  simulation  in  three  dimensions. 


The  shapes  of  hysteresis  curves  in  magnetic  materials 
vary  widely  for  different  materials.  This  variation  manifests 
itself  in  variation  of  parameters,  such  as  the  coercivity,  rema- 
nence,  and  susceptibility.  Of  particular  interest  to  us  is  the 
variation  of  the  sizes  of  Barkhausen  noise  pulses.1  These 
pulses  are  a  manifestation  of  avalanches  taking  place  in  the 
magnetic  system,  with  groups  of  domains  (or  spins)  flipping 
over  in  one  avalanche.  One  distinguishes  between  the  small 
Barkhausen  effect  and  large  Barkhausen  discontinuities.  The 
small  Barkhausen  effect  is  the  observation  of  small  pulses 
representing  small  avalanches  in  the  system.  None  of  these 
pulses  sweep  through  the  entire  system.  Often,  soft  magnetic 
materials  after  annealing  show  mainly  the  small  Barkhausen 
effect.2  There  are  other  materials  that  have  hysteresis  loops 
that  are  more  square  and  have  large  jumps  in  the  magnetiza¬ 
tion.  These  jumps  are  often  called  "large  Barkhausen 
discontinuities”2  in  magnetic  materials  and  “bursts"  in  a 
similar  effect  in  Martensites.3  These  large  jumps  represent 
avalanches  that  sweep  through  a  sizable  fraction  of  the  sys¬ 
tem.  In  the  thermodynamic  limit,  we  call  avalanches  that 
sweep  a  finite  fraction  of  the  system  “infinite  avalanches.” 
There  exist  models  like  the  Stoner-Wohlfarth  model  and  the 
Prcisach  model,2-4  that  can  describe  both  types  of  hysteresis 
loops.  The  Preisach  model,  and  other  models,  break  up  the 
hysteresis  loop  into  contributions  from  elementary  hysteresis 
domains,  each  with  their  own  value  for  remanence  and  coer¬ 
civity,  with  no  interactions  between  the  domains. 

We  study  hysteresis  in  the  zero  temperature  random-field 
king  model  (RFIM),  where  interaction  between  hysteresis 
domains  (spins)  is  implicit.5  We  note  that  we  are  not  consid¬ 
ering  the  equilibrium  RFIM  or  any  T->0  limit  of  that  model. 
The  dynamics  of  the  approach  to  thermal  equilibrium  in  that 
model  has  been  well  studied.6  However,  we  are  interested  in 
a  model  with  the  same  Hamiltonian  as  the  equilibrium 
RFIM,  but  with  a  (very  natural  but  nonequilibrium)  specified 
dynamics.5  By  varying  the  randomness,  we  can  use  this 
RFIM  to  describe  hysteresis  loops,  both  with  and  without 
large  Barkhausen  discontinuities.  The  most  interesting  con- 
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sequence,  however,  of  introducing  interactions  between  the 
magnetic  domains,  is  that  the  transition  from  infinite  ava¬ 
lanche  to  noninfinite  avalanche  hysteresis  loops  is  accompa¬ 
nied  by  critical  fluctuations  and  diverging  correlation 
lengths.  As  one  knows  from  the  theory  of  phase  transitions,7 
thk  allows  one  to  write  down  scaling  laws  with  universal 
exponents  that  are  valid  near  the  transition  point.  By  “uni¬ 
versal,”  we  mean  that  the  behavior  is  independent  of  many 
details  of  the  system  (and  thus  the  same  for  theoretical  mod¬ 
els  and  real  materiak),  and  depends  only  on  the  dimension, 
the  range  of  interaction,  and  the  symmetries  of  the  order 
parameter. 

We  consider  a  simple  cubic  lattice.  Each  site  i  in  this 
lattice  can  represent  an  entire  magnetic  domain.  The  magne¬ 
tization  at  site  i  is  jj .  It  can  be  pointing  either  up  or  down, 
i.e.,  s,=  ±  1 .  The  Hamiltonian  of  the  RFIM  is 

(fjSj+HSj),  (1) 

<■»  i 

where  the  first  sum  is  over  nearest-neighbor  pairs.  This  term 
represents  a  ferromagnetic  interaction  of  magnitude  J  be¬ 
tween  the  domains.  At  each  site  in  the  crystal  a  random  mag¬ 
netic  field  /,  is  added  to  model  disorder  (like  defects,  etc.)  in 
the  crystal.  We  assume  a  Gaussian  distribution  of  width  R  for 
these  random  fields.  H  is  the  strength  of  the  external,  homo¬ 
geneous  magnetic  field.  As  we  change  the  external  magnetic 
field  H  adiabatically,  the  system  does  not  relax  to  its  true 
equilibrium  ground  state.  Instead,  it  stumbles  from  one  meta¬ 
stable  state  to  another  in  response  to  the  changing  field.  For 
experimental  systems  with  high  enough  barriers  to  relaxation 
for  each  elementary  domain,  such  that  thermal  fluctuations 
can  be  ignored  on  experimental  time  scales,  this  assumption 
that  the  system  does  not  relax  to  its  true  ground  state  is  valid. 
This  applies  to  most  magnetic  memory  devices  (by  design), 
and  also  other  systems,  like  athermal  Martensites. 

A  domain  on  a  magnetic  tape  will  flip  over  when  the 
force  from  the  external  field  exceeds  the  coupling  forces  due 
to  the  neighbors  plus  any  forces  from  random  anisotropies  or 
random  fields  within  the  domain.  Our  model  uses  precisely 
this  dynamics.  To  define  a  dynamics  for  this  system,  we  as- 


5048  J  Appt.  Phys.  78  (10),  IS  May  1804 


0021  -8879/04/75(1 0)/5048/3/$8.00 


C  1904  American  Institute  of  Physics 


Magnetization  (M) 


FIG.  1.  Hysteresis  loop  showing  return -point  memory.  The  magnetization  as 
a  function  of  external  field  for  a  30s  system  with  disorder  R~  3.5  J.  If  the 
field  H  is  made  to  backtrack  from  HB  to  Hc ,  and  swept  up  to  Hb  again,  it 
returns  to  precisely  the  same  state  at  HB,  from  which  it  left  the  outer  loop. 
It  remembers  this  “return-point,”  even  if  it  is  forced  to  n in  through  sub¬ 
cycles  within  cycles,  and  so  on,  as  the  figure  shows.  A  simple  proof  for  this 
“return-point  memory”  in  certain  systems  is  given  elsewhere. 


sume  that  as  the  external  magnetic  field  is  changed  adiabati- 
cally,  each  domain  will  flip  when  the  direction  of  its  total 
local  field, 

JSj+fi+H,  (2) 

i 

changes.  Initially,  all  domains  are  pointing  down  at  a  suffi¬ 
ciently  negative  H.  The  system  then  transforms  from  nega¬ 
tive  to  positive  magnetization  as  the  field  is  swept  upward. 
Related  approaches  were  discussed  in  Ref.  5.  In  addition, 
other  related  work  has  come  to  our  attention.8  The  result  of  a 
simulation  of  this  system  for  a  width  of  the  Gaussian  distri¬ 
bution  of  random  fields  R= 3.5  J  in  three  dimensions  is 
shown  in  Fig.  1.  The  outer  loop  shows  the  external  magnetic 
field  being  slowly  increased  until  all  domains  are  pointing  up 
and  then  decreased  back  to  the  initial  value.  Figure  2  shows 
the  upper  branch  of  three  similar  hysteresis  loops  at  different 
disorders  R.  One  sees  that  for  increasing  values  of  R  the  size 
of  the  jump  or  large  Barkhausen  effect  goes  to  zero  and  the 
hysteresis  loops  look  softer.  In  fact,  one  expects  that  for 
small  R  compared  to  the  coupling/,  one  of  the  first  domains 
to  flip  will  push  over  its  neighbors,  which  will  cause  their 
neighbors  to  flip  and  so  on,  until  a  finite  fraction  of  the 
system  is  transformed  in  one  “infinite  avalanche,”  which 
manifests  itself  as  a  jump  in  the  magnetization  curve.  The 
critical  magnetic  field  H“(R)  at  which  this  jump  occurs  in 
the  upper  branch  of  the  hysteresis  loop,  decreases  monotoni- 
cally  with  increasing  disorder  R,  starting  from  H“(0)=zJ, 
where  z  is  the  coordination  number  of  the  crystal. 
Experiments,3  as  well  as  our  numerical  simulation3  and  ana¬ 
lytical  calculations9  suggest  that  the  onset  of  the  infinite  ava¬ 
lanche  at  H“{R)  seems  to  be  abrupt  for  R<RC  in  three  di¬ 
mensions,  as  H  is  slowly  changed. 

In  the  other  regime,  where  the  disorder  R  is  large  com¬ 
pared  to  the  coupling  J,  each  domain  will  essentially  flip  on 


FIG.  2.  Varying  the  disorder.  Three  H(M)  curves  for  different  levels  of 
disorder,  for  a  60*  system.  Our  current  estimate  of  the  critical  disorder  is 
Rc=  2.23  J  (we  sclj  =  1).  At  R  =  2<RC ,  there  is  an  infinite  avalanche  lhat 
seems  (o  appear  abruptly.  For  R=  2.6>Re  the  dynamics  is  macroscopically 
smooth,  although,  of  course,  microscopically  it  is  a  sequence  of  sizeable 
avalanches.  At  R  =  2.3,  near  the  critical  level  of  disorder,  extremely  large 
events  become  common,  inset:  Log-log  plot  of  lbe  integrated  avalanche, 
size  distribution  D^s.r)  vs  avalanche  size  s.  D  Jis.r )  is  the  integral  of 
0{s ,t .h)  ( see  the  text)  over  one  sweep  of  the  magnetic  field  from  -x  to 
+oc,  averaged  here  over  five  systems  of  size  1 21)'  and  plotted  at  R-  2.3. 
R= 2.7,  and  h=4.0.  Notice  the  power-law  region  D, and 
the  cutoff  at  -  Re)~  ' 


its  own.  There  will  be  only  small  avalanches  happening.  Em¬ 
pirically,  the  coercivify  decreases  further  for  increasing  R. 
There  must  be  a  critical  disorder  Rc  separating  these  two 
regimes.  In  other  words,  the  line  of  critical  fields  H“(R)  at 
which  an  infinite  avalanche  occurs,  ends  at  the  point  ff“(Rc). 
For  R>Rr  the  magnetization  curves  do  not  show  any  infinite 
avalanches.  This  has  been  verified  both  experimentally3  and 
in  our  simulation  in  three  dimensions  (Rc=  2.23  J  numeri¬ 
cally).  In  two  dimensions,  the  numerical  results  suggest  that 
Rc  is  zero.  We  have  found  numerical5  and  analytical5'9  evi¬ 
dence  that  the  transition  occurring  at  Rc  from  infinite  ava¬ 
lanche  to  noninfinite  avalanche  hysteresis  loops  is  continu¬ 
ous:  One  finds  avalanches  of  all  sizes  at  that  point.  As  one 
approaches  the  critical  end  point  at  [/?r  ,H“(RC)]  in  the 
( R,H )  plane,  we  find  diverging  correlation  lengths  and  pre¬ 
sumably  univetsal  critical  behavior.  This  transition  between 
the  two  regimes  has  a  natural  parallel  with  ordinary  equilib¬ 
rium  temperature-driven  phase  transitions.  To  make  this  par¬ 
allel  concrete,  consider  the  pure  equilibrium  Ising  model  in 
three  dimensions.  In  this  model  there  is  a  transition  at  a 
certain  temperature  where  the  order  parameter  (which  in  this 
case  is  the  magnetization)  takes  on  a  finite  value.  This  tran¬ 
sition  occurs  when  the  ordering  tendency  of  the  bonds  be¬ 
tween  spins  overcomes  the  disordering  tendency  of  thermal 
fluctuations.  In  our  model,  the  order  parameter  is  the  size  of 
the  infinite  avalanche  AA/[//c(R)J.  We  have  a  finite  value 
for  our  order  parameter  when  the  "ordering”  tendency  of  the 
bonds  between  spins  overcomes  the  disordering  tendency  of 
the  random  fields.  For  us,  ordering  is  represented  by  the  ex¬ 
istence  of  an  infinite  avalanche,  where  a  large  number  of 
domains  flip  at  one  field.  We  also  note  that  the  analog  of  the 
equilibrium  correlation  length  for  our  model  is  the  size  of  the 
largest  finite  avalanche. 

From  both  mean-field  approaches  and  renormalization 
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TABLE  I.  Universal  exponents  for  critical  behavior  in  hysteresis  loops.  The 
exponents  £  and  £tcll  how  the  magnetize tioc  scales  with  r=(Rc-R)/Re 
and  k*H-Hc,  respectively,  for  example,  M  [Hi(Rc)  ]} 

at  Rc .  The  correlation  length  exponent  v  is  measured  (nu¬ 
merically)  using  finite-size  scaling.  The  exponent  <r  tells  how  the  cutoff  of 
the  avalanche  size  distribution  scales  with  r,  and  r  is  the  exponent  of  the 
power-law  decay  of  the  differential  avalanche  size  distribution  D(s,r,h)  at 
the  critical  point  (r=0  and  h-0). 


Expooeot 

e  expansion 
with  e~b~d,  at  *=3 

Simulation 
in  three  dimensions 

l/v 

2-e/3=l 

1.0  ±0.1 

0.5-«<6=0 

0.1 7  ±0.07 

ps 

l.S-i-CKe2)—  l.S 

2.0  Z0.3 

S 

3+<=6 

(around  12) 

Va 

2.9  ±0.15 

T 

1.35  ±0.2 

group  techniques,  near  Rc  we  expect  universal  scaling  laws 
for  the  behavior  of  the  magnetization  M  and  the  distribution 
D  of  sizes  s  of  avalanches  occurring  upon  increasing  H  by  a 
differential  amount  dH.  For  r*(/?f-/?)//?  and 
h<*[H-H“(Rc)\,  we  have  M(h,r)~\r\f,.  #±(h/\r\**),  and 
D(s,r,k)—s~T&+(s/\r\~lla,h/\r\fie),  where  ±  refers  to  the 
sign  of  r  and  „M±  and  (/-.  are  universal  scaling  functions.  In 
mean-field  theory,  where  we  couple  every  domain  with  all  N 
other  domains  with  coupling  J/N,  we  find  <S=3  and 
Near  the  end  point,  the  jump  in  the  magnetization  AM  due  to 
the  infinite  avalanche  scales  like  .  Furthermore,  In  mean- 
field  theory,  r=|  and  <r=j.  We  expect  these  exponents  to  be 
accurate  in  six  and  all  higher  dimensions.  We  have  per¬ 
formed  an  expansion  around  six  dimensions  to  obtain  an 
analytical  prediction  for  these  exponents  in  three  dimensions, 
using  renormalization  group  techniques.9  Independently,  we 
have  determined  the  exponents  from  the  numerical  simula¬ 
tion  in  three  dimensions.5  Table  1  gives  the  results  from  both 
approaches. 

Particularly  interesting  for  comparison  with  experi¬ 
ments1  is  the  avalanche  size  distribution  integrated  over  a 
whole  hysteresis  loop  (see  the  inset  of  Fig.  2).  In  fact,  the 
distribution  of  avalanches,  as  it  is  measured  in  the 
Barkhausen  effect,  has  been  studied,  and  some  preliminary 
fits  to  power  laws  were  made.1  These  fits  have  been  inter¬ 
preted  as  an  indication  of  self-organized  criticality.  The  no¬ 
ticeable  cutoff  of  the  power  law  avalanche  size  distribution 


was  thought  to  be  due  to  finite  size  effects.  In  the  view  of  our 
model,  we  would  suggest  that  the  power  laws  might  be  an 
indication  of  an  ordinary  critical  point  instead  of  self- 
organized  criticality.  We  would  expect  the  cutoff  in  the  dis¬ 
tribution  to  move  to  larger  and  larger  avalanche  sizes,  as  the 
critical  point  is  approached  by  tuning  the  randomness  ft  to  its 
critical  value  Rc .  We  think  that  similar  effects  might  be  ob¬ 
served,  for  example,  upon  changing  the  distribution  of  ran¬ 
dom  anisotropies.  (Though  the  fact  that  random  magnetic 
fields  break  time-reversal  symmetry,  whereas  random 
anisotropies  do  not,  could  change  the  values  of  the  critical 
exponents.)  Furthermore,  we  expect  this  effect  not  only  to  be 
found  in  magnetic  materials.  Indeed,  for  a  FeNi  alloy,  which 
is  an  a  thermal  Martensite,  an  increase  in  grain  sizes  has  been 
seen  to  lead  to  a  crossover  from  noninfinite  avalanche  to 
infinite  avalanche  behavior3 
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Magnetic  properties  of  the  two-dimensional  “triangles-in-triangles”  Kagome 
lattice  Cu9X2(cpa)6  (X=F,CI,Br) 

Sanchit  Maaiti  and  Leonard  W.  ter  Haar4 

Department  of  Chemistry,  University  if  Texas,  El  Paso,  Texas  79968 

Magnetic  properties  of  the  isostructural  series  of  compounds  known  as  CuySf2(cpa)6 
(cpa = carboxypentonic  acid;  2f=F,CI,Br)  are  reported  as  a  function  of  the  /^-halide  ion.  The 
interconnection  topology  within  each  layer  is  a  hexagonal  arrangement  of  trimeric  units,  i.e.,  a 
“triangles-in-triangles”  Kagome  lattice.  Magnetic  field  dependent  susceptibility  data  in  the  range 

1.7-250  K  demonstrate  that  all  three  compounds  have  a  magnetic  ground  state  which  is  highly  field 
dependent  at  lower  temperatures,  but  that  phase  transitions  to  long-range  order  are  not  observed 
down  to  1.7  K.  Development  of  2-D  antiferromagnetic  models  appropriate  for  the  chemical  nature 
and  symmetry  of  the  Cu^fcpaJj  lattice  will  require  a  two  7-value  solution  (intratrimer  and 
intertrimer),  and  although  theoretical  results  for  this  type  of  lattice  are  as  yet  unknown,  analogies 
can  be  clearly  drawn  to  the  Kagome  problem.  The  Curie- Weiss  temperatures  in  the  range  of  -  250 
K  strongly  suggest  spin  frustration  in  the  absence  of  any  traditional  long-range  order.  Magnetization 
studies  exhibit  an  intermediate  saturation  level  corresponding  to  a  ground  state  of  one  unpaired  spin 
per  unit  cell  at  field  values  well  below  1.0  kG,  supporting  the  conclusion  that  the  two  J  values  are 
antifeiromagnetic. 


I.  INTRODUCTION 

The  Heisenberg  antiferromagnet  on  a  square  lattice  is 
well  accepted  as  having  an  ordered  ground  state.1  Other 
more  novel  topologies  for  quantum  (5  =  1/2)  antiferromag¬ 
netic  lattices  are  now  of  interest  because  of  die  unique 
ground-state  properties  that  may  derive  from  such  features  as 
next-nearest-neighbor  exchange  interactions  and  triangula¬ 
tion  (which  can  lead  to  spin  frustration).  Ongoing  theoretical 
studies  in  the  literature  focus  on  such  exotic  systems  as  the 
triangular,  union-jack,  honeycomb,  and  Kagome 
antiferromagnets,2  but  known  experimental  examples  are  still 
limited.  We  recently  reported3  the  synthesis  and  structure  of 
Cu^2(cpa)6-ji:H20  and  demonstrated  that  it  is  isomorphous 
with  the  Cl  and  Br  congeners.4  As  part  of  our  continued 
effort  to  understand  and  utilize  these  compounds  in  a  guest- 
host  chemical  approach  toward  molecular-based  magnetic 
materials,  we  now  report  that  the  magnetic  properties  of  all 
three  compounds  are  similar  in  nature  and  that  the  effect  of 
the  halogen  substitution  is  minimal. 

II.  EXPERIMENT 

CuCl22H20  was  reacted  with  ascorbic  acid  (2:1  mol 
ratio).  The  mixture  was  heated  and  allowed  to  stir  until  the 
precipitation  of  CuCl  was  complete  (—0.5  h),  after  which  the 
CuCI  was  filtered  off.  CaX2  (1  mmol)  was  added  to  the  clear 
solution  followed  by  the  addition  0.10  M  NaOH  to  raise  the 
pH  to  a  value  of  6.  Excess  (25  mmol)  KX  was  added.  Blue 
hexagonal  prisms  were  collected  after  two  to  three  days.  In 
all  cases,  materials  were  freshly  prepared  for  immediate  use, 
or  frozen.  Solvent  water  loss  from  within  the  channels  of  the 
structure  can  be  rapid  in  our  dry  climate. 

Magnetic  susceptibility  data  were  collected  in  the  tem¬ 
perature  range  1.7-250  K  using  a  Quantum  Design  super¬ 
conducting  quantum  interference  device  (SQUID)-based 
magnetometer  utilizing  modifications  and  procedures  de- 


11  Author  to  whom  all  correapoodeace  should  be  addressed. 


scribed  elsewhere.5  Data  were  corrected  for  temperature  in¬ 
dependent  magnetism  using  Pascal’s  constants6  for  the  dia¬ 
magnetic  components  and  a  T.I.P./Cu(ll)  of  60X10"6  emu/ 
mole. 


III.  RESULTS  AND  DISCUSSION 

2-carboxypentonic  acid  is  a  polyhydroxypolycarboxylic 
acid  obtained  from  the  redox  rearrangement  reaction  of 
ascorbic  acid  using  Cu(II).7  Its  structure  is  conducive  to  a 
multitude  of  ligating  possibilities  in  which  interconnected 
high-nuclearity  species  are  clearly  possible.  The  structures  of 
all  three  Cu<7f2(cpa)6  compounds  are  isomorphous;  the 
preparation  of  products  can  be  verified  by  powder  x-ray 
diffraction.3'4 

The  crystal  structures  of  all  three  products  quite  clearly 
suggest3  the  schematic  of  the  magnetic  lattice  which  can  be 
used  to  correlate  the  magnetic  properties  to  the  chemical 
structure.  Two  unique  environments  are  found  for  the  Cu(II) 
ions.  The  copper  designated  Cu,nmc,(Cu,)  is  in  a  square  py¬ 
ramidal  coordination  and  near  a  crystallographic  threefold 
axis,  thereby  generating  a  trimeric  unit,  as  shown  in  Fig.  1. 
The  basal  coordination  sites  are  oxygens  from  two  different 
cpa  anions,  and  the  apical  coordination  site  is  filled  by  the 
common  ^-halide  ion  located  on  the  threefold  axis.  It  is  this 
bridging  halide  ion  that  is  different  among  the  three  struc¬ 
tures,  and  is  the  subject  of  this  paper. 

There  are  six  Cu,  ions  (i.e.,  two  /^-halide  trimers)  per 
unit  cell.  Cu^no^Cu*)  is  located  on  a  crystallographic 
twofold  axis.  It  has  four  short  Cu — O  equatorial  bonds  and 
two  longer  Cu — O  axial  bonds;  see  Fig.  1.  Two  carboxylate 
groups  (of  a  single  cpa)  bridge  a  Cum  site  to  two  Cu,  sites  of 
two  trimers.  Three  such  Cu„  sites  are  connected  to  every  Cu, 
based  trimer;  two  such  trimers  are  connected  to  each  Cu„ . 
To  further  develop  the  structure  of  the  extended  lattice,  the 
fragment  shown  in  Fig.  1  can  be  repeated  so  as  to  form  a 
polymeric  sheet  in  the  oh  plane.  The  layer  shown  in  Fig.  2 
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FIG.  1.  Trimer  of  three  square  pyramidal  Cu,  ions  bridged  to  three  octahe¬ 
dral  Cu«  • 


stacks  in  the  c  direction;  the  layers  are  held  together  hydro¬ 
gen  bonding.  This  stacking  of  the  layers  results  in  channels 
that  are  —20  A  in  diameter. 

Representative  10  kG  data  are  plotted  in  Fig.  3  for  the 
bromo  compound,  as  xm<  and  XmT  using  the  molar 
basis  of  the  unit  cell  formula,  Cu*l/2(cpa)6.  Both  the  chloro 
and  the  bromo  compounds  exhibit  magnetic  behavior  similar 
to  the  fluoro3  compound.  \m  diverges  at  low  temperatures  for 
all  three  compounds;  it  does  not  exhibit  a  maximum  as  a 
function  of  temperature  for  any  of  the  compounds.  Instead, 
XmT  is  very  characteristic  in  that  it  reaches  a  minimum  near 
60  K  and  then  rises  toward  a  maximum  near  6  K  before 
falling  again  to  lower  values.  This  maximum  is  field 
dependent  in  both  magnitude  and  temperature. 

For  all  three  compounds  the  l/\m  plot  exhibits  three  dis¬ 
tinct  regions.  For  7>150  K,  the  data  are  linear  as  a  function 
of  temperature  and  can  be  fit  by  the  Curie-Weiss  law, 
Xm  =  C/(T-  8),  with  the  best-fit  parameters  summarized  in 
Table  I.  The  line  in  Fig.  3  is  drawn  using  these  parameters. 
For  2S<T<  150  K,  the  slope  of  the  II xm  curve  changes  con¬ 
tinuously  and  it  is  not  appropriate  to  use  a  Curie- Weiss  fit. 
Again,  below  25  K  the  data  become  increasingly  field  depen¬ 
dent  at  progressively  lower  temperatures.  For  7">125  K,  and 
using  an  average  g  value  of  2.1  for  Cu(II),  the  C  values  per 
unit  formula  are  that  expected  for  nine  moles  of  noninteract- 
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FIG.  3.  Magnetic  data  [(O)  x.  .  (V)  l/x„ ,  (□)  X.T],  X=Br,  H=  10  kG. 

ing  paramagnetic  5=1/2  ions  (—3.7  emu  K/mol).  But  the 
Xm  T  value  at  250  K  is  clearly  reduced  with  respect  to  such  a 
C  value.  Coupled  with  the  decreasing  nature  of  x*J  at  lower 
temperatures,  these  results  are  indicative  of  the  very  strong 
antiferromagnetic  exchange  that  is  also  suggested  by  the 
large  negative  8  values. 

At  high  fields  (10  kG  in  Fig.  3),  the  x*T  plot  clearly 
indicates  that  a  minimum  effective  spin  value  is  reached  be¬ 
fore  a  rounded  maximum  occurs  upon  further  cooling.  The 
temperatures  at  which  such  rounded  x*J  maxima  occur  is 
highly  dependent  on  the  applied  field;  the  maximum  in¬ 
creases  in  magnitude  and  shifts  to  lower  temperatures  with 
smaller  applied  fields.  The  variable-field  data  in  Fig.  4 
clearly  demonstrate  this  feature — note  that  x*J  has  not  yet 
reached  a  maximum  down  to  1.7  K  at  10  G. 

The  Cu^r2(cpa)6  xH20  materials  are  clearly  unique, 
particularly  among  two-dimensional  magnetic  materials. 
First,  the  chemical  lattice  shown  in  Fig.  2  corresponds  to  the 
magnetic  schematic,  or  connectivity  pattern,  displayed  in 
Fig.  5(d).  Comparison  to  other  triangulated  lattices  [Figs. 
5(a)-5(c)]  emphasizes  a  number  of  topological  similarities 
and  differences.  Second,  triangulated  spin  systems  are  no¬ 
table  for  the  spin  frustration  they  may  exhibit.  Although  a 
number  of  triangular  molecular  clusters  are  known,8 
Cu»Y2(cpa)6xH20  lattice  suggests  a  new  direction  for  the 
design  and  synthesis  of  extended  magnetic  lattices.  Third, 
triangulated  magnetic  lattices  are  of  particular  interest  as  ex¬ 
perimental  testing  grounds  for  the  physics  associated  with 
degenerate  ground  states  and  finite  entropies  (at  T=0),  as 
this  relates  to  the  order-fiom-disorder  problem.9 

Chemically,  the  Cu93f2(cpa)6xH20  lattice  consists  of 
two  different  spin  sites  and  two  exchange  parameter  (which 
are  unlikely  to  be  of  equal  magnitude).  Topologically,  the 


TABLE  I.  Magnetic  properties  of  CutX^cpa^;  tf  =  10 000  G. 


Compound 

c 

(emu  K/mol) 

Tbetk 

<K) 

XT  @250  K 
(emu  K/mol) 

OqFjlcpi), 

3.84  (0.1) 

-237  (5) 

1.71 

CuvCVcpi), 

3.64  (0.1) 

-226(5) 

1.88 

3.73  (0.1) 

-243  (5) 

1.90 
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FIG.  4.  Variable  field  data  for  Cu^B^cp*^  jH20.  The  xm T  maximum  in¬ 
creases  in  magnitude  and  shifts  to  tower-temperature  values  with  decreased 
applied  field  strength.  Curves  serve  as  guides  to  the  eye. 


pairwise  exchange  interactions  between  Cu,  sites  must  be 
equal  in  value  and  we  refer  to  it  as  the  intratrimer  exchange 
parameter.  The  trimeric  units  are  interconnected  to  one  an¬ 
other  by  way  of  four  equivalent  exchange  interactions  be¬ 
tween  four  Cu,  sites  (of  two  trimers),  and  the  Cu„  site  that 
interconnects  two  such  trimers.  We  refer  to  these  exchange 
interactions  as  the  intertrimer  parameter.  The  intratrimer  ex¬ 
change  parameter  is  likely  to  be  large  in  magnitude  and  an- 
tiferromagnetic  in  nature10  because  of  the  hydroxy  bridging 
oxygens  in  the  Cu303  “ring”  and,  to  a  much  lesser  extent, 
the  tribridging  halide  whose  effect  is  the  subject  of  this  pa¬ 
per. 

Isothermal  magnetization  studies  in  the  range  1.7-20  K 
demonstrate  that  the  compound  has  a  magnetic  ground  state 
which  is  highly  field  dependent.  A  saturation  level  of  1.1 
B.M./unit  formula  (nine  5=1/2  sites)  is  reached  well  below  1 
kG  at  die  lowest  temperatures.  Hysteresis  is  not  observed. 
We  conclude  the  intertrimer  exchange  parameter  must  there¬ 
fore  also  be  antiferromagnetic,  and  that  the  effective  residual 
spin  (nine  spins  coupled  antiferromagnetically)  results  in  a 
ferrimagnetic  type  of  cooperative  phenomena.  Spontaneous 
magnetization,  however,  is  not  observed  down  to  1.7  K. 

The  Civt^fcpa^  compounds  represent  a  unique  exten¬ 
sion  [Fig.  5(d)]  of  the  interconnection  exhibited  by  the  ide¬ 
alized  Kagome  lattice  [Fig.  5(c)],  It  has  been  suggested11  that 
the  schematic  of  the  lattice  be  refered  to  as  a  “triangles-in- 
triangles”  Kagome.  Such  interconnected  triangulation  sug¬ 
gests  spin  fnistatkm,  and  clearly  this  could  lead  to  in  order- 


FIG  5.  (a)  Triangular,  (b)  honeycomb,  (c)  Kagome.  (d)  Cuvr:lcpaif]  xH.O 

from-disorder  situation.  Theoretical  results  for  this  type  of 
lattice  are  unknown,  but  given  (i)  the  topological  arrange¬ 
ment  of  the  triangles,  (ii)  that  both  J  values  are  antiferromag- 
netic,  and  (iii)  that  there  is  an  odd  number  of  spins  per  unit 
cell;  it  is  quite  possible  that  a  number  of  nonunique  ground 
states  exist  due  to  frustration  effects.  Since  there  is  presently 
interest  in  topologically  frustrated  systems,12  in  part  from 
Anderson’s  RVB  structure  for  superconductivity  in  doped 
cuprates13  for  which  one  feature  of  the  liquidlike  RVB  state 
is  the  absence  of  long-range  order  in  the  ground  state,  it  will 
be  of  interest  to  perform  ac  susceptibility  and  heat  capacity 
experiments  on  the  CuuY2(cpa)6  system.  Theoretical  studies 
on  the  Cu,X  ,(cpa)„  ground  state  will  be  difficult  since  a  large 
number  of  sites  will  be  required  to  make  any  finite  cluster 
calculation  valid.14  Nonetheless,  we  are  pursuing  work  along 
these  lines,  as  well  as  derivatives  obtained  through  metal 
substitution  and  guest-host  chemistry. 
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Magnetic  properties  of  two  copper  (ll)-halide  layered  perovskites 

N.  Sivron,  T.  E.  Grigerert,*’  and  John  E.  Drumheller 

Department  of  Physics,  Montana  State  University,  Bozeman,  Montana  59717 

K.  Emerson 

Department  of  Chemistry,  Montana  State  University,  Bozeman,  Montana  59717 

R.  D.  Willett 

Department  of  Chemistry,  Washington  State  University,  Pullman,  Washington  99164 

The  magnetic  properties  of  the  powdered  layered  structures  of  3-ammoniumpyridinium 
tetrabrotnocuprate(II)  and  3-ammoniumpyridinium  tetrachlorocupratefll)  have  been  studied  from 
4.2  to  130  K.  The  data  were  interpreted  using  both  ID  and  2D  series  expansions  for  the  Heisenberg 
model,  combined  with  the  appropriate  mean-field  corrections,  yielding  interlayer  exchanges  with 
Jy,/k  values  of  (- 11  ±2)  K  for  the  chloride  salt  and  (-52±7)  K  for  the  bromide  salt.  The  intralayer 
exchange  ( J\Jk )  values  were  found  to  be  (14±2)  K  and  (20±2.5)  K  for  the  chloride  and  bromide 
salts,  respectively.  The  new  results  are  compared  with  previous  results  for  the  eclipsed  layered 
structure  series  NHj(CH2),NH3CuX4,  where  X=Br  or  Cl  and  n  =  2,  3,  4,  or  5.  As  the  halide-halide 
separation  distance  decreases  the  transition  from  magnetic  isolation  of  the  layers  to  a  strong 
interlayer  exchange  is  observed.  The  new  study  allows  confirmation  of  the  power  dependence  on  the 
halide-halide  separation. 


Special  interest  has  been  shown  in  recent  years  in  the 
magnetic  properties  of  the  AC11X4  crystals,  where  A  stands 
for  a  dication,  and  X  stands  for  Cl  or  Br,1-8  since  variation  of 
distances  between  the  nearly  planar  CuX4  layers  of  succes¬ 
sive  compounds  in  the  group  results  in  variation  in  the  values 
of  the  interlayer  exchange  parameter  Jlk,  and  makes  it  pos¬ 
sible  to  investigate  the  magnetic  insulation  between  layers. 
In  spite  of  the  fact  that  the  interlayer  exchange  occurs 
through  two  intervening  halides,  a  significant  superexchange 
path  was  found,23-5'7  resulting  in  some  cases  not  only  in 
quasi-2D  systems,  but  also  3D,3  and  even  ID  magnetism.5'7 
These  results  were  reported  for  samples  in  which  the  Cu  ions 
lay  directly  or  nearly  directly  above  one  another  (eclipsed 
structure). 

An  important  factor  affecting  the  interlayer  exchange 
mechanism  is  the  distance  between  the  two  intervening  ha¬ 
lides,  denoted  as  the  X--X  bond  length  of  the  linkage  Cu- 
X"  X-Cu  between  the  layers.  The  power  dependence  of  the 
exchange  parameter  J2k  on  the  halide-halide  separation  was 
found2  to  be  Jlh~da,  where  a=-10±2  for  X=Br  and 
-6±2  for  X=CI,  and  d  is  the  X-"X  bond  length. 

Since  the  3-ammoniumpyridinium  tetrabromocuprate(II) 
[(3AP)CuBr4]  and  3-ammoniumpyridinium  tetrachlorocu- 
prate(II)  (3APCuCl4)  are  examples  of  this  structure  they  are 
appropriate  to  further  investigate  the  dependence  on  the  in¬ 
terlayer  bond  length.  These  monoclinic  crystals  have  layers 
of  (CuX*),  arrays  of  tetrahedrally  distorted  anions,  stacked 
in  eclipsed  conformation.1  The  (CuXj),  arrays  are  approxi¬ 
mately  two  dimensional,  but  some  deviation  from  planarity 
within  the  layers  has  been  found  with  an  intralayer  bridging 
angle  Cu-X'"Cu  of  161.2°  for  chlorine  and  157.6°  for 
bromine.1  It  should  be  noted  that  the  layers  in  these  two 


‘‘Current  sddrras:  Crater  for  Superconductivity  Research,  Department  of 
fhyaica,  Uoiventty  of  Maryland,  College  Park,  Maryland  20742,  and  Re¬ 
actor  Radiation  Division,  National  Institute  of  Standards  and  Technology, 
Gaithersburg,  Maryland  20699. 


compounds  are  noncentrosymmetric  and  that  they  have  rela¬ 
tively  short  interlayer  halide-halide  distances  (3.992  A  for 
X=C1  and  3.889  A  for  X=Br).  Therefore,  predictions  about 
their  magnetization,  made  by  comparison  with  other  crystals, 
were  limited,  and  subject  to  the  fact  that  insufficient  data 
existed  to  make  satisfying  correlations  for  the  tetrahedrally 
distorted  anions.1 

Data  were  taken  on  a  model  135  EG&G  P.A.R.  vibrating 
sample  magnetometer.  The  crystals  were  grown  according  to 
the  literature.1'*'10  The  magnetization  was  measured  at  6000 
Oe  field  over  the  temperature  range  4.2-150  K.  The  data 
were  interpreted  using  both  ID  and  2D  series  expansions  for 
the  Heisenberg  model,  combined  with  the  appropriate  mean- 
field  corrections.11-14  Error  values  were  obtained  by  compar¬ 
ing  between  results  for  different  data  sets.  This  procedure 
gave  larger  error  values  than  the  small  statistical  errors  esti¬ 
mated  by  the  computer  program  for  each  data  set  alone. 

A  fit  of  the  chloride  susceptibility  data  to  the  2D 
model1112  is  shown  in  Fig.  1.  Error  bars  are  smaller  than  the 
sizes  of  the  markers  in  the  low-temperature  range.  Both  salts 
demonstrate  antjferromagnetic  exchange  between  the  layers, 
Jy,lk=  -52±7  for  (3AP)CuBr4  and  -11±2  for 
(3AP)CuCl4.  Both  salts  demonstrate  ferromagnetic  exchange 
within  the  layer,  with  positive  J\k!k=  14±2  for  the  Cl  salt 
and  20±2.5  for  the  Br.  Owing  to  the  larger  size  both  in-plane 
and  out-of-plane  couplings  for  bromide  are  found  to  be 
larger  in  magnitude  than  those  for  chloride,  as  expected.  The 
Cu2+  g  values  are  found  to  be  2.05±0.06  for  X=CI  and 
2.12±0.225  for  X=Br. 

These  results  are  compared  with  those  reported  in  previ¬ 
ous  work  for  similar  crystals.1  The  graphs  of  J1(,/k  values 
versus  the  Cu-"X  bond  distance  are  shown  in  Fig.  2  for 
X=Br  and  X=C1,  adding  the  values  of  Jlk/k  obtained  for 
(3AP)CuX4.  Within  the  limits  of  error  these  new  results 
agree  with  previous  work  and  the  assumption  that  the  J14/* 
values  of  (3AP)CuBr4  and  (3AP)CuC14  would  be  strongly 
dependent  upon  the  CU'"X  bond  distance1  is  confirmed, 
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FIG.  1.  Fits  of  the  data  of  (SAPJCuCV  The  experimental  data  points  are 
marked  as  circles.  The  model  calculated  for  the  optimal  values  is  marked  as 
a  solid  line. 


showing  that  longer  bonds  result  in  weaker  interaction. 

The  natural  logarithm  of  J2klk  values  versus  the  natural 
logarithm  of  X---X  are  shown  in  Fig.  3  adding  the  new  val¬ 
ues  obtained  for  the  (3AP)CuXt  salts.  The  transition  from  a 
quasi-2D  Heisenberg  system  to  a  3D  or  ID  system  is  ob¬ 
served  by  comparing  the  relative  strengths  of  the  interlayer 
exchange  parameters,  which  gradually  become  larger  than 
those  of  the  intralayer  exchange  parameters.  From  the  'lopes, 
the  power  dependence  of  Jlk,  the  interlayer  esc  jncc  on  the 
halide-halide  distance  can  be  calculated.  Assuming7u~<f° 
we  find  a=  — 10.9±2  for  X=C1  and  a-  -6  -1  for  X=Br. 

The  chloride  salt  forms  a  3D  magnetic  structure,  since 
the  absolute  values  of  the  inter-  ana  intralayer  exchange  pa¬ 
rameters  are  so  similar.  It  is  interesting  that  the  interplanar 
exchange  through  the  two-halide  bridge  is  dominant  in  the 
case  of  (3AP)CuBr4,  indicating  that  the  bromide  salt  with  the 
stronger  exchange  may  be  described  as  a  one-dimensional 
antiferromagnetic  chain.  Therefore,  the  values  of  J2),/k  were 
double  checked  with  ID  models1314  yielding 
y2»/*=  -57±3  for  X=Br  and  -9.5±0.5  for  X=C1.  Con- 
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FIG.  2.  JuJk  values  vs  Cu  X  hood  lengths  (^1  fot  A'CuX,  sod  AZCuX*. 
Previous  data  points  obtained  from  Refs  1  and  8  an  marked  as  squares  for 
X-Ih.  and  the  new  result  for  the  (3AP)CitBr,  is  marked  as  a  solid  square 
For  X=a  previous  data  points  are  marked  as  triangles  and  the  new  result 
for  OAPlCuCla  is  marked  as  a  solid  triangle. 
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FIG.  3.  The  natural  logarithm  of  J,Alk  vs  the  natural  logarithm  of  X--X. 
Previous  data  points  were  obtained  from  Refs.  1-3.  S,  7,  8,  and  13.  For 
X-Br  they  are  marked  as  squares,  and  the  new  result  for  (3APlCtiBrd  is 
marked  as  a  solid  squan.  For  X=CI  they  an  marked  as  triangles,  and  the 
new  result  for  (3AP)CuC!4  is  marked  as  a  solid  triangle. 


sidering  the  short  halide-halide  distances  these  results  are 
well  understood  and  compare  favorably  with  the  magnetic 
structure  of  (2DA)CuX4,2’7'15  where  2DA  stands  for  ethyl- 
enediammonium,  and  X-Cl  or  Br.  Those  were  further  inves¬ 
tigated  by  growing  a  mixed  sample,  (2DA)CuCl2Br2,  in 
which  Cl  anions  substitute  for  the  Br  anions  in  the  layer.2  In 
this  case  the  interlayer  exchange  parameter  was  reported  to 
be  Jy,!k  =-31,  almost  half  the  value  for  the  purely  bromine 
case  (2DA)CuBr4,7  in  which  J2*/i  =  -68.4.  Since  the  inter¬ 
layer  X---X  bond  lengths  were  very  similar  in  both  crystals 
(3.7±0.2  A  for  the  mixed  sample,  3.602  A  for  the  pure 
sample),  it  is  not  clear  how  the  presence  of  the  chlorides  in 
the  planes  of  the  layers  affected  the  interlayer  exchange.  This 
and  other  interesting  examples  found  in  the  case  of  bromide7 
suggest  that  the  exchange  mechanism  for  these  salts  is  not 
trivial  and  further  investigations  are  needed,  especially  when 
the  X-’-X  bond  lengths  are  very  small.  For  further  studies  it 
may  be  interesting  to  repeat  the  process  of  growing  a  mixed 
sample  for  (3AP)CuX». 
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Can  the  universal  jump  be  observed  in  two-dimensional  XY  magnets? 
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The  universal  jump  in  the  spin-wave  stiffness  is  a  characteristic  property  of  the 
Kosterlitz-Thouless-Berezinskii  phase  transition  in  an  infinitely  large  2D -XY  magnet.  It  has 
recently  been  demonstrated  [S.  T.  Bramwell  and  P.  C.  W.  Holdsworth,  J.  Phys.  Condens.  Matt.  5, 

L53  (1993))  that  finite-size  rounding  is  much  more  important  in  two-dimensional  than  in 
three-dimensional  systems.  This  is  because  the  properties  of  the  phase  transition  depend 
logarithmically,  rather  than  algebraically,  on  the  system  size.  Consequently,  finite-size  rounding  will 
be  dominant  in  any  real,  macroscopic  2D- AT  magnet.  How  the  rounded  universal  jump  still  exhibits 
observable  universal  properties  is  discussed. 


The  Mcrmin-Wagner  theorem,1  which  predicts  that  two- 
dimensional  systems  with  continuous  symmetry  of  the 
Hamiltonian  cannot  sustain  long-range  order  at  finite  tem¬ 
perature,  has  become  pan  of  the  folklore  of  physics.  How¬ 
ever,  although  lost  in  the  literature,  it  has  been  pointed  out 
several  tiroes2-’  that  power-law  decay  of  the  low-temperature 
spatial  correlations  will  result  in  long-range  order  on  the 
length  scale  of  any  realizable  laboratory  system.  Thus,  these 
two-dimensional  problems  have  the  very  interesting  property 
that  a  macroscopic  system  is  far  from  the  thermodynamic 
limit. 

We  have  recently  given  several  illustrations  of  this1'4  for 
the  finite-size  magnetization,  M{N,T).  of  a  two-dimensional 
AT  (2D- AT)  model  of  Af  spins.  One  finds,  using  a  harmonic 
approximation,  that  M(N,T)=*(2N)~ 1  *'*,  where  the 
“spin-wave  stiffness”  K  *=JIT,  with  T  the  temperature  and  J 
the  coupling  constant.  For  example,  putting  T/J  -  1  and  tak¬ 
ing  N  =  101*,  gives  hUN.T)— 0.2.  For  an  atomic  spacing  of 
3  A.  this  corresponds  to  a  system  about  the  size  of  a  postage 
stamp. 

Kosterlitz  and  Thoutess,  and  Berezinskii  (KTB)5  showed 
that,  although  such  systems  cannot  have  a  regular  symmetry 
breaking  phase  transition,  they  do  have  a  novel  kind  of  phase 
transition  mediated  by  the  unbinding  of  pairs  of  topological 
defects,  or  vortices  (KT  theory).  Below  the  transition  tem¬ 
perature.  Tfj.  the  correlations  are  critical,  with  power-law 
decay;  above  Tyj  they  are  short  ranged,  with  exponential 
decay.  Renormalization  group  theory4'7  predicts  that  K  *JIT 
is  renormalized  by  the  presence  of  vortex  pairs  to  an  effec¬ 
tive  value  At  the  transition  temperature  there  is  a 

discontinuous  jump  in  K&  from  the  universal  value 
fCrfi"2/ir  to  zero' 

We  investigated  the  finite-size  behavior  of  KTB 
systems,3'4  and  used  the  renormalization  group  equations  and 
Monte  Carlo  simulations  to  explain  the  magnetization  ob¬ 
served  in  layered  magnets,  and  more  recently  in  ultrathin 
films.’10  These  systems  art  clearly  two  dimensional  up  to  s 
large  length  scale,  and  would  be  considered  among  the  best 
realgatiom  of  the  2D- AT  model,  were  it  not  for  the  observa¬ 
tion  of  a  magnetization  in  the  two-dimensional  critical  re¬ 
gime.  We  approximately  calculate  the  renormalized  finite- 


size  magnetization  of  the  2D-AT  model,  by  replacing  K  in 
the  harmonic  expression  with  K^. 

hUNJ)  =  (2N)  ''■'**««.  (1) 

We  find  that  the  rounding  of  the  KTB  transition  is  abnor¬ 
mally  large  compared  with  that  of  a  second-order  phase  tran¬ 
sition,  with  Tgj  being  shifted  logarithmically  with  system 
size.  Our  principal  result  is  that  this  broadened  transition 
region  is  characterized  by  a  universal  finite-size  magnetiza¬ 
tion,  with  universal  exponent  0=0  231... ,  the  signature  of 
vortex  unbinding.  This  result  is  in  excellent  agreement  with 
the  many  independent  experiments. 

It  should  be  noted  that  0=0.23  occurs  in  any  AT  system 
in  which  2D  critical  fluctuations  are  dominant  regardless  of 
the  dimensionality  of  the  magnetization  itself.  This  is  in 
keeping  with  the  general  conclusions  of  the  renormalization 
group  theory  of  phase  transitions."  Thus,  the  2D  magnetiza¬ 
tion  of  ultrathin  films,  and  the  3D  magnetization  of  layered 
magnets,  both  show  a  broad  region  of  0=0.23,  just  as  analo¬ 
gous  2D-Ising-like  systems  show  0'-l/8.,iI3  In  the  layered 
magnets  the  finite  size,  typically  104  spins,  is  an  effective 
parameter  determined  by  the  interlayer  coupling.3 

in  this  article  we  discuss  the  spin-wave  stiffness,  and 
show  that  the  universal  jump  cannot  be  seen  in  its  purest 
form,  but  that  its  finite-size  remnants  have  their  own  very 
universal  character.  The  article  is  also  relevant  to  work  on 
superfluid  helium  films,  where  the  equivalent  of  the  spin- 
wave  stiffness,  the  helicity  modulus,  has  been  measured  with 
great  precision.14  and  successfully  fitted  to  dynamical  theo¬ 
ries  of  the  2D-AT  model.15 

In  Ref.  4  we  introduced  a  model  which  is  described  very 
precisely  by  KT  theory,  and  which  we  refer  to  as  the  har¬ 
monic  XY  (HAT)  model.  We  use  the  Hamiltonian 

«=  -J[  \  -( l/2)(fi,-  0;-2m»)2]. 

where  0,  is  periodic  on  2rr,  and  it  is  an  integer  ensuring  that 
(0,- 0j-2vn)  is  bounded  between  ±ir.  This  model  con¬ 
tains  only  harmonic  spin  waves  and  vortices,  so  renormaliza¬ 
tion  of  Krf,  is  due  entirely  to  the  vortex  pairs.  In  the  2D-AT 
model,  with  pair  interaction  in  the  Hamiltonian,  oos(d,-  0t), 
there  are  in  addition  inharmonic,  yet  analytic  corrections  to 
spin-wave  theory,  which  come  from  fourth-order  and  higher 
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FIG.  1  JJTki  v*  TlTt T  from  expehaeoui  dau  ind  from  Monte  Carlo 
raa^ndualMM  data  Cor  Iff1  ipia  lytaw.  obtained  by  iflvcmng  Eq  (II  HIT 
refers  lo  tbc  hermowc  XY  model 


terms  in  an  expansion  of  (be  cosine  function.  These  terms 
<  modify  even  in  the  absence  of  vortices.4'16'1*  In  layered 

XY  magnets,  such  as  RbyCrCV,,1’  BaiNiPOJj,20  and 
;  KjCuF,.  the  Hamihocia-  is  Heisenberg-like,  with  crystal 

field  and  other  perturbation  terms  favoring  a  two- 
dimensional  spin  plane,  in  this  case  fluctuations  out  of  the 
spin  plane  result  in  further  corrections  to  harmonic  spin- 
wave  theory11 

RbyCrClr  was  originally  identified  as  an  experimental 
realization  of  (he  2D-AT  ferroraagnet  by  Hutchings  et al22 
The  ratio  of  nearest  neighbor  to  wtcrtayer  exchange  JIJ'  is 
about  10*.  In  our  work'  *  we  propose  that  planar  magnets 
have  two-dimensional  fluctuations  on  all  length  scales  up  to 
L  -  L,a  —  4nr  in  units  of  the  iattice  constant,  and  hence 
,  correspond  lo  finite  2D-XY  systems  of  this  size  (-10*  spins 

for  RbyCtCU).  The  static  magnetic  behavior  of  RbjCrCl,,  in 
the  two-dimensional  temperature  regime,  has  been  explained 
completely  and  quantitatively  by  our  model.1’  We  can  hence 
calculate  K^aaiJ^^TK^)  directly  from  the  magnetiza¬ 
tion  data  of  Ref.  19  by  inverting  Eq.  (1). 

In  Fig.  1  we  compare  r  vs  T/T^j  for  RbjCrCl,, 
with  that  derived  in  the  same  way  from  the  Monte  Carlo  data 
of  the  10*  spin  XY  and  H XY  systems  of  Reft.  3  and  4. 
r^-0.72.  0.898,  1.351,  respectively  U  for  RbjQCla  is 
equivalent  to  2 IS1  in  the  aotatioo  of  Refs.  19  and  22),  show¬ 
ing  clearly  how  enharmonic  corrections  reduce  the  transition 
temperature.1*  At  low  temperature  ]m  is  constant  for  the 
HXY  model,  indicating  that  the  system  contains  hannooic 
spin  waves  only,  whereat  tot  the  2D- ATT  model  and 
RbyCiClt,  7d |  is  renormalized  strongly  by  the  enharmonic 
corrections.  Above  a  well-defined  temperature  near  T xt,4 
vortex  pairs  cause  a  more  rapid  decrease  in  7* .  The  curves 
approach  each  other  in  this  region,  although  t’  y  are  not 
superimposed.  This  is  to  be  compared  with  the  findings  of 
’  Ohta  and  Jasnow,"  who  showed  that,  for  an  infinite  system, 

corrections  to  apm-weve  theory  become  irrelevant  in  the 
limit  7" —Tit  Our  Hg.  ]  compares  very  favorably  with  their 
Fig.  2  for  temperatures  below  T^.  bat  differs  in  the  critical 
region  became  of  dm  conriderabh  finite-size  effects. 
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FIG.  2.  |  vs  TlTn  from  experimental  data  and  from  Monte  Carlo  mag 

actuation  data  for  Iff*  spin  systems,  obtained  by  inverting  Eq.  (1).  Tbc 
daabed  line  indicates  the  universal  value  A.^,  2.  TT 


In  Fig.  2  we  plot  vs  77  Tkt  for  the  same  data.  We  see 
that  the  three  curves  cross  the  line  indicating  the  universal 
value  2Jir  at  different  temperatures.  This  is  to  be  expected, 
following  the  results  of  Ref.  3,  where  we  show  that  K eff  takes 
its  universal  value  2/rr  at  a  shifted  temperature 

TiLMJ-Ty^J  +  irJ/4c(  Inf.)2.  (2) 

The  constant  c  is  non  universal,  taking  values  1.5,  3.3,  and 
3.1  for  the  HAT.  2D- AT,  and  RbjCiCI*  data,  respectively, 
which  results  in  different  values  of  T’  for  each  system.  This 
difference  is  due  to  a  reduction  in  the  vortex  core  energy 
caused  by  the  anharmonic  contributions  to  the  spin  waves. 
On  the  present  length  scales,  c  can  be  considered  to  be  con¬ 
stant,  although  it  does  evolve  very  slowly  with  system  size.* 

A  remarkable  feature  of  Fig.  2  is  the  inteisection  of  all 
three  curves  at  rKT  This  feature  falls  naturally  out  of  our 
calculation.  From  the  renormalization  equation  (4)  of  Ref.  3 
we  find 

dAf-A«ll(rKT)-2/w-l/rrlD(L).  (3) 

Thus,  the  calculation  predicts  that  £efl(7'ICT)  is  independent 
of  c,  and  depends  only  on  the  size  i.  As  all  three  systems 
considered  have  the  same  two-dimensional  size,  the  curves 
should  indeed  intersect  at  this  point.  For  L  =  100  we  predict 
A  AT  =  0.069,  which  is  in  excellent  agreement  with  the  value 
read  from  Fig.  2  of  0.064. 

In  the  thermodynamic  limit  these  results  map  onto  those 
of  Ohta  and  Jasnow.1*  In  this  case  T'—T^j,  AX->0,  and 
the  three  curves  intersect  at  the  point  of  the  universal  jump. 
In  this  limit  AK  is  predicted  to  approach  zero  as 
r.‘  Our  results  suggest  that  for  real  systems  finite- 
size  rounding  will  prevent  the  observation  of  this  cusp. 

As  an  independent  test  of  our  interpretation  of  layered 
magnets  in  terms  of  a  finite-size  2D- AT  model,  we  compare 
in  Fig.  3  the  spin-wave  stiffness  of  RbjCrCl,  found  by  in¬ 
verting  Eq.  (1)  with  that  determined  by  two  other  methods. 
In  the  first  we  derive  directly  from  the  spin-wave  fre¬ 
quencies  u»(_001  reported  by  Hutchings  et  air  assuming 

S.  T.  Dramwes  and  P.  C.  W.  HoMawoflh 


i 


I 


FIG.  3.  ht  vs  r.'Jjtt  for  RbXrClj  determined  by:  1!)  neutron  inelastic 
scattering  (circles.  Ref.  22).  (2)  wcak-field  magnetization  (squares.  Ref.  23). 
and  (3)  magnetic  Bragg  scattering  (dashed  line.  Ref.  I1)).  The  horizontal  line 
indicates  the  universal  value  Ktn-Zrrr. 


2JS2  cj(  T) 


(4) 


In  (he  second  we  use  the  magnetization-field  exponent  S(  T) 
measured  by  Cornelius  el  a/.,~'  and  the  relationship 
<5=8  7 rK'i,  - 1  h  We  also  plot  the  theoretical  slope  r)KctsldT  at 
/■*.'  The  agreement  between  the  three  curves  and  the  theo¬ 
retical  prediction  is  impressive,  considering  the  diversity  of 
method  involved,  giving  very  strong  evidence  that  our  inter¬ 
pretation  of  these  systems  is  correct. 

This  agreement  brings  up  an  interesting  point  concerning 
renormalization  and  the  dynamics  of  the  2D-AV  model.  It 
can  be  argued34  that  the  spin-wave  frequency  w  should  renor¬ 
malize  as  sX/.ff.  rather  than  as  Jt„.  Using  semiclassical  ar¬ 
guments  one  can  show  that,  in  the  harmonic  case,  a  spin 
wave  corresponds  to  a  harmonic  oscillator  with  angular  force 
constant  J  and  moment  of  inertia  /  -  1 /J,3'  which  gives 
ui  ~  \J/I  ~  J.  On  renormalization,  a  simple  picture  would 
be  that  one  changes  the  length  scale  to  a  new  system  of 
oscillators,  with  modified  force  constant,  but  unchanged  mo- 
ment  of  inertia.  This  would  give  a  new  frequency  ui„„ 
—  Cote  and  Griffin"4  put  this  argument  on  a  more 

rigorous  footing,  after  mapping  the  problem  onto  Maxwell's 
equations.  However,  the  data  of  Fig.  3  suggests  that  this  ar¬ 
gument  is  not  conect  for  real  systems,  as  the  best  agreement 
between  the  static  and  dynamic  measurements  for  K,n  is 
found  by  assuming  that  the  frequencies  renormalize  linearly 
with  J,„. 


Finally,  it  is  worth  noting  that  the  curves  of  Fig.  I  are 
directly  comparable  to  the  reduced  period  shift  versus  tem¬ 
perature  curves  measured  in  the  torsion  balance  experiments 
on  helium  films.14  However,  the  shift  T"  -  for  these  sys¬ 
tems  is  much  smaller,  indicating  a  much  larger  X Y  system 
size.  In  fact,  the  torsional  oscillator  probes  a  finite  length 
scale,  which  according  to  tits  to  the  dynamical  theory  of 
Arabegaokar  eta/.15  is  about  105  interparticle  spacing:  14 
The  XV  system  size  for  the  ultrathin  superfluid  films  is  pre¬ 
sumably  much  larger  still,  and  hence  macroscopic.  This  con¬ 
trasts  with  the  situation  in  ultrathin  magnetic  films,  where 
effective  XY  system  sizes  are  limited  by  defects  and  weak 
interactions,  and  are  unlikely  to  exceed  about  103  lattice 
spacings.4'10'13 

In  conclusion,  the  universal  jump  cannot  be  observed  in 
2D-XY  magnets,  at  least  not  in  its  purest  form.  The  jump  is 
rounded,  but  still  has  universal  characteristics.  As  a  result  of 
the  extreme  finite-size  broadening  of  the  2D  critical  regime, 
these  characteristics  are  easily  observed  in  both  experiment 
and  Monte  Carlo  simulation. 
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Strong  thermal  fluctuation  effects  on  the  dynamics  of  Bloch  walls 
(abstract) 

M.  Haiti,  D.  Garanin,  and  J.  Koetzter 

Institut  fur  Angewandte  PHysik,  Universitaet  Hamburg,  D-20355  Hamburg,  Germany 

Approaching  the  Curie  temperature  of  the  uniaxial  Ba  and  Sr  hexaferrites  from  below  in  zero 
magnetic  field,  a  rapid  decrease  of  the  domain  wail  relaxation  rate  T.  is  observed  which  attains  a 
minimum  at  T'  =0.99  Tc.  Above  T'  the  increase  of  the  relaxation,  rw~(Tc-T)~a  agrees  with 
that  observed  previously  on  low-temperature  ferromagnets'  and  is  assigned  to  the  presence  of  linear 
domain  walls.  Accordingly,  the  speeding-up  of  T„  towards  Tc  is  associated  with  the  divergence  of 
the  correlation  length  of  a  3-dimensional  Ising-magnet  determining  the  width  of  the  linear  wall.  The 
temperature  T*  is  found  to  be  significantly  larger  than  TB  predicted  by  mean  field  work  of 
Bulaevskii  and  Ginzburg2  for  the  second  order  transition  from  linear  to  Bloch  domain  walls,  which 
is  characterized  by  a  continuously  increasing  transverse  magnetization,  mB  —  (T*  -  T)^»,  in  the 
wail.  Adjusting  the  temperature  variation  of  the  relaxation  rate  below  T*  to  a  recent  kinetic  theory 
for  elliptic  walls,3  one  finds  f?fi=0.10  to  be  close  to  the  2-dimensional  Ising  value.  Along  with  the 
suppression  of  T*  this  constitutes  the  first  signature  of  severe  fluctuation  effects  in  domain  walls.4 
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Depth-dependent  magnetic  correlation  length  in  terbium  (abstract) 
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High  q  -resolution  neutron-scattering  measurements  of  the  critical  scattering  in  Tb  above  the 
magnetic-spiral  phase  transition  temperature  T,  exhibit  a  two-component  line  shape,  as  recently 
documented  in  Ho.1  This  implies  the  existence  of  a  second  length  scale,  which  runs  counter  to  our 
present  understanding  of  second  order  phase  transitions.  By  using  a  narrow  beam  only  300  pm 
wide,  and  then  translating  the  crystal  through  the  beam,  we  have  established  that  the  origin  of  the 
second  length  scale  lies  within  the  near  surface  volume  or  “skin”  of  the  Tb  crystal.2  This  is 
manifested  by  a  large  enhancement  of  the  scattering  intensity  at  the  c-axis  face  of  the  cube-shaped 
crystal.  In  this  context  the  meaning  of  skin  is  distinct  from  that  of  surface  since  the  second 
component  is  spread  over  several  hundred  micrometers  and  not  just  one  or  two.  In  addition,  we  find 
that  not  all  skins  are  equivalent.  The  intensity  of  the  second  component  scattering  is  greatest  in  those 
faces  that  are  orthogonal  to  the  c-axis  face.  Such  an  anisotropy  is  easily  motivated  on  physical 
grounds  given  that  the  spins  in  Tb  are  confined  to  the  basal  plane  below  Ts. 
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Thin  Film  Recording  Media  I 
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Ba-ferrite  thin-film  media  for  high-density  longitudinal  recording  (invited) 

T.  L.  Hytton,  M.  A.  Parker,  M.  Ullah,  K.  R.  Coffey,  R.  Umphress,  and  J.  K.  Howard 

IBM  AdStar,  San  Jose,  California  95193 

Ba-ferrite  is  an  attractive  candidate  for  future  high-density  recording  media  because  of  its  large 
coercivity,  corrosion  resistance,  high  hardness,  and  durability.  In  contrast  to  most  recent  work  on 
Ba-ferrite  thin  Him  media,  polycrystalline  films  with  large  in-plane  remanence  for  longitudinal 
recording  are  emphasized.  Films  are  prepared  on  a  variety  of  substrates  by  on-axis  sputtering  at  low 
temperatures  from  stoichiometric  targets  followed  by  a  postdeposition  anneal  in  a  rapid  thermal 
processor  at  —850  °C  to  induce  crystallization.  Structural  and  chemical  properties  have  been 
investigated  by  force  microscopy,  Rutherford  backscattering,  and  other  means.  Stoichiometric  films 
have  large  5000  A  grains  that  are  unsuitable  for  high-density  recording.  However,  grain  sizes  as 
small  as  200  A  have  been  produced  by  doping  with  small  amounts  of  Cr2C>3  and  other  additives. 
Compositional  changes  also  influence  crystallite  orientation.  Exceptional  durability  has  been 
observed  on  disks  without  overcoats,  presumably  due  to  a  fine-scale  texturing  that  occurs  during 
crystallization.  Coercivities  are  greater  than  4000  Oe  even  in  small  grain  films.  The  effect  of  grain 
size  on  coercivity  and  signal-to-noise  ratio  of  several  Ba-ferrite  disks  is  discussed.  It  is  argued  that 
the  grains  are  magnetically  decoupled  based  on  the  magnetic  properties  of  these  films. 


I.  INTRODUCTION 

Barium  ferrite  (BaFe12Ol9)  recording  media  in  the  form 
of  particulates  suspended  in  a  binding  material  has  been 
widely  investigated  as  a  recording  layer  on  magnetic  tape 
and  flexible  disks.  Several  investigations  of  the  use  of  longi¬ 
tudinally  oriented  Ba-ferrite  particulate  media  on  rigid  disks 
report  that  the  performance  of  these  disks  is  surprisingly 
close  to  that  of  Co-alloy  thin-film  disks  with  magnetic  layers 
only  25%  as  thick  as  the  Ba-ferrite  particulate  layer.1-2  The 
exceptional  performance  of  this  particulate  media  has  been 
attributed  to  the  large  anisotropy  field  and  the  magnetic  de¬ 
coupling  of  the  particulates.3  Also,  over  the  past  decade  there 
has  been  substantial  work  by  a  few  researchers  in  the  devel¬ 
opment  of  Ba-ferrite  thin-film  media  for  perpendicular 
recording.4-14  As  the  magnetic  easy  axis  in  this  material  is 
parallel  to  the  c  axis,  a  large  effort  has  been  made  to  develop 
processes  for  obtaining  thin  films  with  a  high  degree  in 
c-axis  perpendicular  orientation.  In  contrast  to  the  works  just 
described,  our  effort  has  been  directed  toward  the  prepara¬ 
tion  of  fine-grained,  polycrystalline  thin  films  with  substan¬ 
tial  in-plane  remanence  for  use  as  a  high-density,  longitudi¬ 
nal  recording  media.  We  are  motivated  in  this  effort  by  the 
following  properties  of  these  Ba-ferrite  thin  films:  (i)  large 
anisotropy  and  coercivity;  (ii)  excellent  durability  and  hard¬ 
ness;  (iii)  excellent  corrosion  resistance;15  (iv)  ease  of  prepa¬ 
ration  relative  to  the  perpendicular  Ba-ferrite  thin  film  me¬ 
dia;  and  (v)  compatibility  of  longitudinal  media  with 
available  magnetic  recording  heads.  In  this  article  we  report 
on  the  preparation,  microstructure,  tribology,  magnetic  prop¬ 
erties,  and  recording  performance  of  Ba-ferrite  thin-film,  lon¬ 
gitudinal  recording  media.  In  particular  we  discuss  our  ef¬ 
forts  to  reduce  the  grain  size  in  these  films  and  its  impact  on 
magnetic  and  recording  properties. 


II.  EXPERIMENTAL  PROCEDURE 

A  popular  technique  used  to  prepare  the  strongly  c-axis 
textured  films  of  interest  as  perpendicular  recording  media  is 
to  sputter  Ba-ferrite  from  two  facing,  roughly  stoichiometric 
targets  with  substrates  oriented  perpendicular  to  the  targets  at 
the  periphery  of  the  plasma.5-7  This  arrangement  minimizes 
the  bombardment  of  the  film  by  energetic  particles  during 
growth,  which  is  known  to  create  problems  in  maintaining 
film  stoichiometry.  Substrate  temperatures  are  typically  550- 
700  °C  and  crystallization  proceeds  during  deposition.  In 
contrast  to  this  technique,  we  prepare  our  samples  by  S-gun 
magnetron  sputtering  in  a  conventional  geometry  with  tar¬ 
gets  facing  the  substrates  at  a  distance  of  about  10  cm.  Sub¬ 
strates  are  unheated  and  move  with  continuous  “planetary” 
motion  over  four  different  sputtering  guns.  Doping  and  al¬ 
loying  are  accomplished  by  cosputtering  two  or  more  targets. 
Ba-ferrite  targets  are  stoichiometric  and  typically  sputtered 
with  if  power;  however,  after  several  hours  of  rf  sputtering 
the  targets  become  conductive  and  dc  sputtering  is  also  pos¬ 
sible.  New  targets  require  several  hours  of  sputtering  to 
achieve  reproducible  film  properties.  Presumably  the  stoichi¬ 
ometry  of  the  surface  of  a  new  target  changes  during  the  first 


TABLE  I.  Typical  range  of  deposition  parameters  in  the  deposition  of  Ba- 
ferrite  films. 


Pressure 

2-8  mTbrr 

%  02  in  Ar 

5%-10% 

Flow 

40  seem 

Power 

200-500  W  dc  or  rf 

Bias  (negative) 

0-80  Vdc 

Thickness 

500-1100  A 

Rate 

8.5-11  A/min 
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TABLE  If.  A  summary  of  out  work  on  preparing  Ba-ferrite  films  cm  a 
variety  of  substrates.  Reactivity  with  the  substrate  was  determined  by  the 
amount  of  film -substrate  interdiffusion  after  high- temperature  annealing. 
Samples  with  "small”  reactivity  have  good  magnetic  properties  and  limited 
intenfiffusioo  with  a  1000-A-ihick  film.  The  converse  is  true  for  samples 
with  “large”  reactivity.  “Good”  adhesion  means  films  are  resistant  to 
scratching  with  stainless-steel  tweezers. 


Substrate  < 

Description 

Vendor 

Reactivity 

Adhesion 

Fused  si 

->:  glass 

Valpey-Fisher 

small 

good 

Fused  qv. 

A  glass 

Heraeus 

small 

good 

7913  glass 

96%  Si02  glass 

Corning 

small 

good 

7059  glass 

alkali-free  glass 

Coming 

medium 

good 

0317  glass 

soda  glass 

Coming 

medium 

good 

Oxidized  Si 

Si02  glass 

small 

excellent 

UDAC 

C  glass 

Kobe  precision 

very  targe 

very  poor 

Si 

cubic,  (100)  (111) 

large 

good 

A12Oj 

hex,,  A,R,C  plane 

Insaco 

small 

good 

MgO 

cubic,  (100) 

Ceres 

large 

good 

YA-Z'Oj 

cubic,  (100) 

Ceres 

very  small 

poor 

LaAlOj 

cubic,  (100) 

Ceres 

very  small 

poor 

SrTK), 

cubic,  (100) 

Ceres 

very  small 

very  poor 

Energy  (Mev) 


Channel 


F!G.  1.  The  4He  bsckscattermg  spectroscopy  (RBS)  of  a  970-A-thick  Ba- 
ferrite  film  before  and  after  crystallization  by  a  high-temperature  anneal 
clearly  shows  an  inierdiffused  layer  at  the  substrate  surface  uominally  310  A 
thick.  Also  evident  is  a  reduction  in  oxygen  concentration  and  loss  of 
trapped  Ar  after  annealing.  No  significant  change  in  the  total  number  of 
counts  under  the  Ba  and  Fe  peaks  is  observed  after  annealing. 


few  hours  of  sputtering  until  a  steady  state  is  reached,  typi¬ 
cal  sputtering  conditions  are  shown  in  Table  1. 

The  films  are  nonmagnetic,  insulating,  and  amorphous 
after  deposition.  Crystalline,  magnetic  films  are  obtained  af¬ 
ter  removal  from  the  vacuum  system  by  annealing  in  a 
quartz-lamp-driven,  rapid  thermal  processor.  Similar  pro¬ 
cesses  using  conventional  furnaces  have  been  reported  by 
several  authors  previously.16-19  A  typical  annealing  condition 
is  830  °C  for  10  min  in  1  atm  of  02.  Processing  times  as 
short  as  10  s  are  possible  for  temperatures  of  930  °C  or  more. 
Annealed  films  are  polycrystalline  with  grain  size  and  orien¬ 
tation  that  depend  strongly  on  the  composition  of  the  film, 
which  we  describe  in  more  detail  below. 

Table  II  summarizes  our  efforts  to  prepare  Ba-ferrite  thin 
films  on  a  variety  of  substrates  using  the  technique  described 
above.  The  ideal  substrate  is  inexpensive,  mechanically  ro¬ 
bust,  and  compatible  with  high-temperature  annealing,  while 
providing  limited  interdiffusion  and  excellent  adhesion  with 
the  Ba-ferrite  film.  The  most  promising  substrates  so  far 
identified  are  oxidized  Si,  Si02  (fused  silica  or  fused  quartz 
glass),  and  Coming  glass  No.  7913  (Vycor  96%  silica  sheet 
glass).  These  substrates  are  quite  similar  and  were  used  for 
all  the  results  repotted  below.  Unlike  the  pure  silica  or  Vycor 
glasses,  other  glasses  have  failed  as  substrate  materials  pri¬ 
marily  because  their  softening  points  are  smaller  than  or 
comparable  to  the  typical  850  °C  annealing  temperature. 
Very  rapid  annealing  times  (<15  s)  have  only  been  partially 
successful  in  crystallizing  Ba-ferrite  films  on  some  of  the 
lower-temperature  glasses  described  in  Table  II.  The  amor¬ 
phous  carbon  substrates  have  superb  high-temperature  capa¬ 
bility,  but  are  extremely  reactive  with  Ba-ferrite  and  in  oxy¬ 
gen  atmospheres.  We  have  achieved  limited  success  growing 
Ba  ferrite  on  a  dual  buffer  layer  structure  of  sputtered 
SiOj/Si/C.  Others  have  reported  c-axis  textured  Ba-ferrite 
films  crystallized  during  deposition  at  580  °C  on  C  substrates 


with  SiO^Cr  buffer  layers.  Although  expensive  and  unsuit¬ 
able  for  use  as  a  disk  substrate,  we  have  also  investigated  a 


variety  of  single-ciystal,  dielectric  oxide  substrates  to  exam¬ 
ine  the  Ba-ferrite  film  morphology  and  reactivity  on  these 
materials.  The  table  gives  a  qualitative  description  of  the 
amount  of  interdiffusion  observed  between  the  substrate  and 
Ba-ferrite  film  following  a  typical  anneal  at  850  °C  as  deter¬ 
mined  by  Rutherford  backscattering  spectroscopy  (RBS)  and 
the  film-substrate  adhesion  as  determined  by  a  crude  scratch 
test  with  stainless-steel  tweezers.  Notable  among  these 
single-crystal  substrates  is  sapphire  in  a  variety  of  orienta¬ 
tions.  We  observe  strongly  oriented,  epitaxial  growth  of  Ba- 
ferrite  on  these  substrates21  and  coercivities  in  excess  of  9 
kOe  for  samples  annealed  at  temperatures  high  enough  to 
promote  significant  diffusion  of  Al  into  the  Ba-ferrite  film.22 

III.  RESULTS  AND  DISCUSSION 

Figure  1  is  a  RBS  spectrum  of  a  Ba-fenite  film  on  Si02 
sputtered  from  a  stoichiometric  BaFe120I9  target  before  and 
after  annealing  for  10  min  at  850  °C  in  02 .  Analysis  of  the 
RBS  data  of  the  as-deposited  film  yields  a  composition 
Ba1(rjFe12Ar04ON.  After  annealing,  the  Ba  peak  shows  an 
obvious  diffusion  of  Ba  into  the  substrate.  A  model  assuming 
a  single,  homogeneously  interdiffused  layer  of 
Bao  jFejSixOu  (310  A)  and  a  homogeneous  ferrite  layer 
B%83Fe1202i  (550  A)  provides  a  good  fit  to  the  data.  Al¬ 
though  this  model  is  likely  to  be  an  oversimplification  of  the 
real  structure,  our  reason  for  considering  it  will  become  more 
apparent  below.  Others  have  reported  similar  film-substrate 
reactions  on  samples  crystallized  in  situ  at  temperatures  of 
650-750  °C.19,25  After  the  anneal  the  small  Ar  peak  present 
in  the  as-deposited  film  disappears,  and  the  film  is  reduced  to 
a  more  nearly  stoichiometric  oxygen  concentration.  The  ex¬ 
cess  oxygen  present  in  the  films  before  annealing  may  be  the 
result  of  energetic  bombardment  of  the  film  by  oxygen  spe¬ 
cies  during  deposition.  Consistent  with  observed  loss  of  O 
and  Ar,  profilometer  measurements  reveal  a  10%-15%  re¬ 
duction  in  film  thickness  after  annealing,  although  this  may 
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FIG.  2.  AFM  image  the  surface  topography  of  an  undoped  Ba-ferrite  film 
(n=6)  with  a  deposited  thickness  of  1000  A  on  a  SiO:  substrate  after  an¬ 
nealing.  Light  areas  are  higher  than  dark  areas.  Plate-  and  needlelike  mor¬ 
phologies  are  apparent  with  needlelikc  grains  having  dimensions  of  roughly 
3000X500  A2. 


also  be  a  result  of  compaction  during  crystallization.  As  we 
describe  below  the  interdiffusion  between  film  and  substrate 
strongly  affects  magnetic  properties  and  suggests  the  need 
for  a  buffer  layer  between  film  and  substrate.  On  the  other 
hand,  a  structure  without  a  buffer  layer  is  simpler,  and  the 
interdiffused  layer  may  promote  adhesion.  Also,  the  compo¬ 
sition  and  thickness  of  the  interdiffused  layer  changes  insig¬ 
nificantly  even  for  annealing  temperatures  as  high  as 
1000  °C  indicating  that  it  is  quite  stable. 

Figure  2  is  an  atomic  force  microscope  (AFM)  image  of 
the  surface  topography  of  a  typical  Ba-ferrite  thin  film.  Two 
distinct  grain  morphologies  are  readily  apparent:  (i)  many 
needlelike  grains  with  aspect  ratios  of  about  6:1,  and  (ii) 
fewer  platelike  regions  of  larger  area.  Transmission  electron 
microscopy  (TEM)  indicates  that  the  grains  are  columnar 
and  that  the  two  different  morphologies  are  the  result  of  dif¬ 
ferent  orientations  with  respect  to  the  substrate  surface  of  the 
crystallites  of  the  same  shape.  Namely,  a  range  of  orienta¬ 
tions  exist  from  c-axis  normal  to  the  substrate  yielding  large 
platelike  grains  to  c  axis  in  the  substrate  plane  yielding 
needlelike  grains.  The  needlelike  grains  are  essentially  plates 
viewed  edge  on,  where  the  growth  of  the  plates  is  interrupted 
at  the  film-substrate  and  film-vacuum  interface.  The  rela¬ 
tively  narrow  size  distribution  of  the  grains  implies  that  grain 
growth  has  proceeded  normally,  without  discontinuous 
growth  of  large  grains.  These  observations  are  consistent 
with  the  typical  hexagonal  platlet  structures  of  Ba-ferrite 
grains  in  bulk  ceramics,  where  abnormal  grain  growth  occurs 
only  at  temperatures  much  higher  than  those  reported 
here.24-25  We  have  previously  repotted  on  the  growth  kinetics 
of  these  platelet-shaped  grains  on  sapphire  substrates.26  Con¬ 
trary  to  the  acicular  particles  found  in  most  particulate  re¬ 
cording  media,  the  easy  axis  in  the  Ba-ferrite  needle-shaped 
grains  is  parallel  to  the  short  dimension,  owing  to  the  very 
large  crystalline  anisotropy  of  this  material. 

The  grain  sizes  in  Fig.  2,  roughly  3000X  500  A  for  a 
typical  needle-shaped  grain,  are  too  large  to  be  useful  in  a 
high-density  recording  medium.  Murdoch27  has  estimate  that 


FIG.  3.  Doping  Ba-ferrite  (#t  =6)  thin  films  with  Cr203  has  a  large  impact  on 
the  average  grain  size.  Averages  were  determined  by  measuring  several 
grains  with  both  needle  and  plate  morphologies.  Cr20,  concentrations  of 
0.1-1  vol  %  yield  an  average  grain  size  of  order  200  A,  but  larger  concen¬ 
trations  result  in  increasing  grain  size.  Asterisks  denote  doped  films  and 
circles  undoped  films. 


recording  at  densities  of  10  Obit/in.2  will  require  100  A 
grains  that  are  magnetically  decoupled  from  neighboring 
grains.  In  order  to  reduce  the  grain  size  in  these  thin  films  we 
have  doped  our  Ba-ferrite  films  by  cosputtering  with  other 
materials  including  Zi02,  Cr,03,  Y,03-stabilized  ZrOj, 
Si02,  and  Pt.  With  the  exception  of  Pt,  all  of  these  materials 
were  effective  in  reducing  grain  size  to  varying  degrees.  The 
most  effective  dopant  in  the  range  of  compositions  so  far 
investigated  is  Cr2Oj,  deposited  by  reactive  cosputtering  of  a 
Cr  target  under  the  conditions  described  in  Table  1.  In  Fig.  3 
we  show  the  change  in  grain  size  observed  after  addition  of 
various  amounts  of  Cr203  to  a  roughly  stoichiometric 
BaFe120i9  host  by  cosputtering  and  annealing  in  the  manner 
described  above.  A  range  of  volumetric  additions  from  ap¬ 
proximately  0.1%-1%,  determined  by  rate  calibrations  of  the 
targets,  produces  a  five-to-tenfold  decrease  in  the  average 
grain  size  as  compared  to  undoped  films  and  grain  size  in¬ 
creases  again  for  higher  levels  of  Cr203  addition.  Some  films 
show  average  in-plane  grain  dimensions  as  small  as  200  A, 
which  approaches  the  grain  sizes  that  will  be  required  in 
future  high-density  recording  media.  Figure  4  is  an  AFM 
image  of  the  surface  topography  of  a  Cr20,-doped  film  with 
small  grain  size.  The  structure  and  magnetic  properties  of  the 
doped  and  undoped  films  are  discussed  in  more  detail  below. 
We  point  out  that  the  small  amounts  of  Cr203  used  in  these 
experiments  should  not  have  a  significant  impact  on  the  in¬ 
trinsic  properties  of  the  Ba  ferrite,  such  as  the  saturation 
magnetization  Ms  and  the  magnetocrystalline  anisotropy 
field  Ht  “ 

The  as-deposited  films  are  extremely  smooth,  but  a  fine- 
scale  roughness  develops  after  crystallization.  Figures  2  and 
4  show  that  the  needlelike  grains  protrude  above  the  level  of 
the  platlets  on  the  film  surface.  Hence,  the  Ba-ferrite  surface 
has  an  intrinsic  source  of  texture  that  may  be  beneficial  in 
reducing  friction  forces  between  a  bead  and  a  Ba-ferrite  disk. 
As  one  might  expect,  the  roughness  of  the  Ba-ferrite  film 
correlates  well  with  the  grain  size.  An  undoped  Ba-ferrite 
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FIG.  4.  AFM  image  of  the  surface  topography  of  a  Ba-ferrite  film  in  =6) 
doped  with  approximately  0.5  vol  %  Cr.O.  with  a  deposited  thickness  of 
1000  A  on  a  5rO:  substrate  after  annealing.  The  grain  morphology  is  similar 
to  that  shown  in  Fig.  2,  but  the  dimensions  of  a  typical  needleUlte  grain  have 
been  reduced  to  375  x750  A2. 


film  with  grains  several  thousand  angstroms  in  size  has  a  rms 
roughness  of  typically  200-300  A,  while  a  Cr203  doped  film 
with  200  A  grain  size  has  rms  toughness  of  typically  20-30 
A.  We  frequently  employ  a  stylus  profilometer  to  obtain  a 
crude  estimate  of  the  film  roughness  and,  thereby,  the  grain 
size.  Occasionally,  other  structures  are  observed  that  roughen 
the  Ba  ferrite  surface.  Figure  4  sle  ws  a  weblilce  series  of 
ridges  about  0.5  fua  apart.  We  have  also  observed  hillocks  in 
the  form  of  blisters  where  the  film  detaches  from  the  sub¬ 
strate  over  submicron  areas,  especially  on  thermally  oxidized 
Si  substrates.  The  origin  of  these  additional  structures  is  un¬ 
clear. 

The  tribological  performance  of  several  Ba-ferrite  disks 
without  overcoats  has  been  evaluated  using  a  contact-start- 
stop  (CSS)  test.  The  disk  substrates  (Si02  and  oxidized  Si) 
are  extremely  smooth  and  the  only  texture  to  the  disk  surface 
is  that  provided  during  the  crystallization  process.  Ba-ferrite 
disks  lubricated  with  a  conventional  perflouropoiyether  and 
fabricated  with  and  without  dopants  to  reduce  grain  size  have 
demonstrated  excellent  durability  against  Al203-TiC  sliders. 
Several  disks  have  shown  no  wear  after  30  000  CSS  cycles 
with  stiction  values  from  3-10  g  under  ambient  conditions. 
Conversely,  several  disks  have  also  been  observed  to  fail 
after  several  thousand  cycles.  While  these  results  are  mixed, 
they  are  also  very  encouraging  because  they  suggest  that  this 
media  may  not  require  an  overcoat,  thereby  reducing  the 
spacing  between  bead  and  disk  and  simplifying  their  manu¬ 
facture.  In  fact,  the  disks  that  we  describe  in  this  article  have 
only  one  thin-film  layer — the  Ba-ferrite  itself.  The  distinction 
between  the  “good”  and  “bad"  disks  is  unclear  and  the  sub¬ 
ject  of  ongoing  investigation.  In  particular  we  seek  to  eluci¬ 
date  the  role  of  lubricant  thickness,  grain  size,  and  debris 
from  the  sputtering  process  on  the  tribological  performance. 

Figure  5  shows  the  magnetization  hysteresis  for  a 
Cr203-doped  and  crystallized  Ba-ferrite  film,  500  A  thick  as 
deposited.  If  bulk  values  for  M,  are  assumed  (—375 
emu/cm}  at  20  °C),  then  we  would  expect  an  areal  magneti¬ 
zation  at  saturation  of  1.88  memu/cnr  based  on  the  deposi¬ 


F1G.  5.  Mignetizatiort  hysteresis  of  a  Ba-ferrite  film  (n=5)  doped  with 
Ci ,Oj  with  a  deposited  thickness  of  500  A  for  fields  applied  parallel  aod 
perpendicular  to  the  film  plane.  This  sample  shows  large  5  -0.61  for  the 
field  parallel,  indicating  a  prefered  in -plane  orientation  of  the  crystallites. 
Other  parameters  for  the  parallel  held  hysteresis  loop  are  11.  -  5  !  kOe  and 
a  coercive  squareness  S'  -0  X3 


tion  thickness,  as  compared  to  the  0.70  memu/cm2  that  we 
observe.  Allowing  a  10%  shrinkage  of  the  film  after  anneal¬ 
ing,  a  possible  explanation  for  this  observation  is  a  190  A 
Ba-ferrite  layer  with  M, =375  emu/cm1  and  a  260  A  non¬ 
magnetic  interdiffused  layer  at  the  film-substrate  interface.  A 
more  complete  analysis  shows  a  roughly  linear  relationship 
between  the  magnetization  and  film  thickness  with  M,  -Q  for 
deposited  thicknesses  in  the  range  250-300  A.  With  few 
exceptions,  the  Ba-ferrite  films  on  Si02  show  no  evidence  of 
secondary  magnetic  phases,  supporting  the  idea  that  the  in¬ 
terdiffused  layer  is  nonmagnetic  and  distinct  from  the  Ba- 
ferrite  crystallites  on  its  surface.  These  results  are  consistent 
with  the  RBS  data  discussed  above. 

All  our  films  exhibit  a  significant  remanent  moment  M, 
for  fields  applied  both  parallel  and  perpendicular  to  the  plane 
of  the  sample.  In  all  cases,  a  large  in-plane  squareness 
S=Mr/Ml  correlates  well  with  a  large  number  of  needlc- 
versus  platelike  grains  in  the  microstructure,  while  for  large 
out-of-plane  5  the  reveise  is  true,  consistent  with  our  assign¬ 
ment  of  different  crystallite  orientations  depending  on  the 
shape  of  the  grain.  In  general,  larger  in-plane  5  results  in 
larger  read-back  signals  and  is  therefore  desirable  in  longitu¬ 
dinal  recording  systems.  The  magnitude  of  in-plane  5  versus 
out-of-plane  5  varies  depending  on  the  film  composition 
(and  possibly  other  factors  that  remain  unrecognized).  In 
general,  for  compositions  in  the  range  (BaO)-n(Fe203)  with 
5<n<7  we  observe  that  samples  with  larger  Ba  concentra¬ 
tions  show  greater  in-plane  5,  independent  of  Cr^j  doping. 
We  also  observe  that  thicker  films  show  a  larger  in-plane  5. 
This  may  be  related  to  the  compositional  effect  just  de¬ 
scribed;  as  the  interdiffused  layer  forms  while  annealing,  a 
thin  ferrite  film  should  be  left  relatively  poor  in  Ba  as  com¬ 
pared  to  a  thick  ferrite  film.  The  film  thickness  effect  can  be 
effectively  compensated  by  using  a  Ba-rich  composition  for 
very  thin  films.  The  sample  shown  in  Fig.  5  has  the  Ba-rich 
concentration  n  =5  and  shows  large  in-plane  5=0.61  for  a 
500  A  sputtered  thickness  (and  a  190  A  magnetic  thickness). 
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FIG.  6.  Coercivity  vs  average  grain  siee  for  a  number  doped  and  undoped 
Ba-ferrite  films.  Films  with  smaller  grain  size  are  generally  observed  to  have 
larger  Hc  even  down  to  average  grain  sizes  of  200  A.  Coercivities  of  most 
films  are  slightly  too  large  to  be  wriiten  with  available  heads. 

A  typical  film  of  the  same  thickness  with  it =6  is  orienled 
preferentially  out  of  plane  with  an  in-plane  5  -0.45.  Films  of 
thickness  >1000  A  with  n  =6,  have  typically  in-plane 
5-0.54. 

In  Fig.  6  we  show  a  plot  of  coercivity  Hc  versus  grain 
size  for  a  variety  of  undoped  and  doped  Ba-ferrite  films.  We 
point  out  that  the  coercivity  generally  exceeds  3  kOe,  a 
rough  lower  limit  on  the  media  coercivity  required  for  10 
Gbit/in.2  recording.  The  general  trend  is  that  the  coercivity 
increases  as  the  grain  size  decreases  down  to  the  smallest 
grain  size  samples.  To  what  degree  the  change  in  grain  size 
actually  determines  the  coercivity  is  unclear,  but  the  trend  is 
promising  because  there  is  no  evidence  of  thermally  assisted 
magnetization  reversal,  which  decreases  Hc  and  ultimately 
limits  the  maximum  recording  density.  Currently  available 
heads  are  unable  to  write  films  with  coercivity  in  excess  of 
approximately  3.5  kOe.  Unfortunately  most  of  our  smallest 
grain  samples,  which  would  be  expected  to  have  the  best 
recording  noise  performance,  have  coercivities  well  in  excess 
of  3.5  kOe  and  cannot  yet  be  evaluated.  Sui  and  Kryder29 
have  recently  reported  a  reduction  of  both  the  grain  size 
(down  to  500  A)  and  coercivity  by  doping  Ba-ferrite  with 
modest  amounts  of  CoTi  prepared  in  a  manner  similar  to  that 
described  here.  We  are  optimistic  that  future  work  will  result 
in  films  with  100  A  grain  sizes  and  a  modest  coercivity 
through  some  refined  doping  and/or  preparation  techniques. 

In  Fig.  7  we  show  a  plot  of  the  signal-to-noise  ratio 
(SNR)  versus  grain  size  of  several  Ba-ferrite  disks.  The  two 
smaller  grain  disks  were  measured  at  a  recording  density  of 
0.5  Gbit/in.2,  and  the  two  larger  grain  disks  were  measured  at 
0.2  Gbit/in.2  In  the  latter  case  the  SNR  was  scaled  by  a  factor 
0.2/0.5=0  4  to  give  an  effective  SNR  at  0.5  Gbit/in.2  For 
comparison,  a  model30  of  the  SNR  assuming  magnetically 
decoupled  grains,  SNR =10  login  gin,,)  where  n(  and  nb  are 
the  grain  and  bit  densities,  is  superimposed  on  the  data  points 
for  nj,=0.5  and  10  Gbit/in.2  We  note  that  the  measured  SNR 
versus  grain  size  shows  a  reasonable  correlation  to  the  un¬ 
coupled  model,  suggesting  that  the  grains  in  the  these  films 
are  also  uncoupled.  Also  shown  is  the  SNR  at  0.5  Gbit/in.2 


FIG.  7.  Signal-to-noise  ratio  at  (1.5  Gbit/in.2  of  four  Ba-ferrite  disks  with 
modest  coercivity  (see  Fig.  6).  The  data  show  a  reasonable  conclatioa  to  a 
model  that  assumes  magnetically  decoupled  grains.  Also  shown  are  the 
model's  projected  SNR  of  the  200  A  Ba-ferrite  samples  with  large  coercivity 
that  we  are  unable  to  write.  The  model  predicts  a  13  dB  drop  in  SNR  when 
the  density  increases  from  0.S  to  10  Gbit/in.2 


predicted  by  the  uncoupled  model  of  the  200  A  Ba-ferrite 
film  with  large  coercivity  that  we  are  currently  unable  to 
write.  As  shown  in  the  figure,  the  model  predicts  a  13  dB 
drop  in  SNR  as  the  recording  density  increases  from  0.5  to 
10  Gbit/in.2  At  grain  sizes  of  100  A,  however,  the  predicted 
SNR  is  a  respectable  28  dB.  Given  the  data  presented  here, 
we  believe  that  Ba-ferrite  is  an  excellent  candidate  to  achieve 
such  small,  decoupled  grains  while  maintaining  a  large  coer¬ 
civity. 

Several  other  observations  imply  that  very  little  inter¬ 
granular  coupling  exists  in  these  thin  films.  The  magnetiza¬ 
tion  hysteresis  suggests  that  these  samples  may  be  well  de¬ 
scribed  as  collections  of  decoupled  magnetic  particles  with 
uniaxial  anisotropy31  having  orientation  distributions  ranging 
from  random  in  three  dimensions  (5=0.5)  to  random  in  the 
two  dimensions  defined  by  the  substrate  plane  (5=0.64). 
Samples  become  more  like  the  two-dimensional  model  as  the 
concentration  of  needlelike  grains  versus  platelike  grains  in¬ 
creases.  Also,  in  the  literature  on  Ba-ferrite  particulates  and 
ceramics,  grain  size  is  known  to  correlate  with  the  coercivity. 
Typically,  coercivity  is  observed  to  increase  with  decreasing 
grain  size,32  until  grain  sizes  are  so  small  that  thermally  ac¬ 
tivated  reversal  becomes  important.33  Figure  6  is  qualita¬ 
tively  consistent  with  this  picture,  although  we  have  ob¬ 
served  a  few  films  doped  with  large  amounts  of  Cr203 
having  grain  sizes  of  several  thousand  angstroms  and  coer¬ 
civities  of  5  kOe.  Finally  we  comment  that  the  superex¬ 
change  mechanism,  which  is  responsible  for  the  ferrimag- 
netism  in  Ba-ferrite,  depends  strongly  on  the  angle  made  by 
Fe — O — Fe  bonds  and,  hence,  the  crystalline  order.  There¬ 
fore,  it  is  not  unreasonable  to  expect  that  the  intergranular 
exchange  interaction  across  high-angle  grain  boundaries  in 
these  thin  films  might  be  severely  weakened  as  compared  to 
the  intragranular  interaction  and  as  compared  to  the  inter¬ 
granular  interaction  across  high-angle  boundaries  in  ferro¬ 
magnetic  metals,  where  the  exchange  interaction  is  mediated 
by  conduction  electrons. 
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We  hive  prepared  and  characterized  Ba-ferrite  thin  films 
on  a  variety  of  substrates  in  order  to  examine  their  potential 
as  longitudinal  magnetic  recording  media.  Our  work  is  dis¬ 
tinct  from  other  efforts  to  create  Ba-ferrite  media  in  that  we 
emphasize  unoriented,  thin-film,  longitudinal  media,  as  com¬ 
pared  to  oriented,  thin-film  perpendicular  media  and  ori¬ 
ented,  particulate,  longitudinal  media.  Samples  were  pre¬ 
pared  by  reactive  sputtering  from  a  stoichiometric  target 
followed  by  a  high-temperature  anneal  in  a  quartz  lamp 
oven.  A  large  but  stable  interdiffusion  layer  is  observed  on 
SiOj  substrates  after  annealing,  which  may  promote  adhe¬ 
sion  between  film  and  substrate.  An  intrinsic  texture  is  de¬ 
veloped  during  the  crystallization  process  with  the  result  that 
disks  without  overcoats  exhibit  good  durability  and  low  fric¬ 
tion  against  standard  sliders.  Grain  size  can  be  dramatically 
reduced  to  sizes  of  order  200  A  by  the  inclusion  of  Cr2Oj 
and  other  dopants,  while  maintaining  coercivity  in  excess  of 
4  kOe.  Magnetization  and  SNR  measurements  suggest  that 
the  intergranular  magnetic  coupling  in  these  films  is  weak. 
With  further  work  these  Ba-ferrite  thin  films  might  yield  a 
single-layer  disk  medium  with  the  excellent  durability  and 
noise  properties  as  required  of  future  recording  media. 
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Crystalline  barium  ferrite  films  with  in-plane  magnetic  anisotropy  have  been  obtained  by 
postdeposition  annealing  of  amorphous  sputtered  films.  The  magnetic  properties,  the 
crystallographic  texture,  and  the  microstructure  are  very  sensitive  to  the  sputtering  and 
postdeposition  annealing  conditions.  It  was  found  that  both  Hc  and  the  grain  size  decrease  with  the 
addition  of  Co  and  Ti  ions.  However,  an  excessive  amount  of  dopants  leads  to  a  loss  in  the  in-plane 
anisotropy.  Barium  ferrite  films  produced  by  this  technique  contain  physical  voids  or  channels 
separating  the  grains  which  help  to  decrease  the  exchange  coupling  between  grains. 


I.  INTRODUCTION 

Barium  ferrite  has  been  demonstrated,  in  the  particulate 
form,  to  have  excellent  magnetic  and  recording  characteris¬ 
tics  for  flexible  media  such  as  tape  or  flexible  disks.1'4  Re¬ 
cently,  there  has  been  interest  in  using  thin-film  barium  fer¬ 
rite  for  rigid  disk  media.  The  mechanical  hardness  and  inert 
nature  of  barium  ferrite  ensure  a  long  media  lifetime  and 
may  enable  a  low  flying  height  with  no  overcoat.  Barium 
ferrite  films  sputtered  under  normal  deposition  conditions  are 
amorphous  in  nature.  Hence,  crystalline  barium  ferrite  films 
have  to  be  obtained  by  either  applying  in  situ  substrate  heat¬ 
ing  during  deposition  or  through  a  postdeposition  annealing 
process.  By  using  the  first  technique,  previous  investigators 
have  examined  its  usefulness  as  perpendicular  rigid  disk 
media.5  6  Our  recent  works  have  explored  the  possibilities  of 
utilizing  it  as  thin-film  vertical  and  longitudinal  media  by 
employing  the  latter  approach.7'8  In  this  study,  we  examined 
barium  ferrite  thin  films  with  suitable  magnetic  properties 
and  microstructures  for  high  areal  density  recording.  As  in 
the  case  of  flexible  media,  the  in-plane  coercivity  Hc  is  ad¬ 
justed  by  the  incorporation  of  Co  and  Ti.  The  microstructure 
is  controlled  by  the  chemical  composition,  the  sputtering, 
and  the  annealing  conditions.  The  interplay  between  these 
entities  is  reported  in  this  article. 

II.  EXPERIMENTAL  PROCEDURE 

Amorphous  multilayer  barium  ferrite  films  were  rf-diode 
sputtered  onto  thermally  oxidized  Si  substrates  in  a  Leybold 
Heraus  Z-400  sputtering  system.  Two  targets  were  used: 
BaFe120|0  and  Ba ,  ,J3Co085Ti ,  17Fe9860 , 9 .  Multilayer  films 
with  alternating  layers  sputtered  from  these  two  tatgets  were 


TABLE !.  Chemical  composition  and  magnetic  characteristics  of  films  A,  B, 
and  C. 


Film 

A 

B 

C 

Chem. 

comp. 

BaFe|2019 

,  ,0,9 

^78C°o.wTii  nFe,  8*0,9 

H, 

4066 

2201 

758 

(Oe) 

M . 

340 

340 

170 

(emuVcm3) 

S 

0.63 

0.62 

0.39 

S * 

0.9 

0.88 

0.45 

made  and  the  amount  of  Co  and  Ti  in  the  films  was  adjusted 
by  controlling  the  thicknesses  of  the  respective  layers.  The 
total  film  thickness  was  between  130  and  200  nm.  A  forward 
sputtering  power  of  50  W  was  applied.  A  total  sputtering  gas 
(Ar/Oj)  pressure  of  5  mTorr  with  an  02  partial  pressure  of 
0.6  mTorr  was  used.  The  deposited  films  were  first  annealed 
in  air  at  600  °C  to  allow  for  composition  homogenization 
within  the  film  and  this  was  followed  by  an  annealing  at 
820  °C  to  induce  crystallization.  The  annealed  films  were 
examined  in  plan  view  and  cross  section  by  transmission 
electron  microscopy. 

III.  RESULTS  AND  DISCUSSION 

The  magnetic  properties  and  the  chemical  composition 
of  films  A,  B,  and  C  are  given  in  Table  1.  Hc  of  film  A  is 
similar  to  that  found  in  particulate  media1'2  but  the  saturation 
magnetization  Ms  is  slightly  lower  than  the  bulk  value  of 
380  emu/cm3.  In  film  B,  Hc  falls  with  the  addition  of  Co  and 
’ll,  which  is  most  likely  due  to  a  decrease  in  the  crystalline 
anisotropy.9'10  The  excessive  amount  of  dopants  in  film  C 
causes  a  sharp  drop  in  Ms  and  also  leads  to  a  realignment  of 
the  magnetic  easy  axis  from  the  crystallographic  c  axis  into 
the  hexagonal  basal  plane.10  Hence,  the  easy  axes  are  no 
longer  in  plane  but  are  randomly  distributed  and  this  causes 
a  drop  in  coercivity  and  5*.  It  should  be  noted  that  the 
barium  content  in  both  film  B  and  film  C  is  less  than  in 
stoichiometric  barium  ferrite. 

The  x-ray  spectra  of  these  three  films  along  with  another 
film  D,  which  was  deposited  with  rf  magnetron  sputtering 


FIG.  1.  X-ray  diffraction  spectra  of  films  A-D. 
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FIG.  2.  Pure  barium  ferrite  thin  film:  («)  and  <c)  plan-view  bright-field  (BF) 
images,  tb)  [1120]  and  (c)  [1010]  microdiffractioo  patterns  of  platelet  1  and 
grain  2  showing  the  in-ptarre  easy-axis  alignment. 


and  has  a  c  axis  peipendicular  to  the  plane  texture,7  are 
shown  in  Fig.  1.  A  strong  c-axis  in-plane  texture  can  be 
found  in  films  A,  B,  and  C.  They  were  annealed  at  600  °C  for 
10  h  and  then  at  820  °C  for  3  h.  The  degree  of  in-plane 
texture  appears  to  be  strengthened  by  the  addition  of  Co  and 
Ti,  as  indicated  by  the  diminishing  intensity  ratio  between 
(1120):(10i7)  and  (H20):(1124)  peaks. 

The  microstnictures  of  films  A,  B,  and  C  are  shown  in 
Figs.  2-4,  respectively.  The  acicular  grains  are  barium  ferrite 
platelets  observed  from  the  edge7  and  they  can  be  found 
readily  in  all  the  c-axis  in-plane  textured  specimens.  The 
majority  of  such  grains  in  the  films  studied  have  their  [1120] 
zone  axis  perpendicular  to  the  plane  of  the  film  which  means 
the  c  axis  is  in  the  film  plane.  Film  A,  which  lacks  doping, 
consists  mainly  of  such  acicular  grains  and  the  average  plate 
length  is  approximately  380  nm  with  an  aspect  ratio  of  about 
6.8  [Figs.  2(a)  and  2(c)].  Figures  2(b)  and  2(d)  are  microdif¬ 
fraction  patterns  of  platelet  1  and  grain  2.  The  [1120]  and 
[1010]  zone  axes  reveal  the  c-axis  in-plane  alignment  of 
these  grains. 


FIG.  3.  Co-Ti  barium  ferrite  thin  film  (multilayer):  (a)  and  (b)  plan-view  BF 
images:  (c)  [1010]  and  (d)  [1 120}  rmcrodifffacttoo  patterns  of  platelets  1  and 
2  showing  the  in-ptane  easy-axis  alignment 


FIG.  4.  Co-Ti  barium  ferrite  thin  film:  (a)  and  id)  plan-view  BF  images:  1b) 
[10i0]  and  (c)  [1120]  microdiffractioo  patterns  of  platelets  1  and  2  showing 
the  in-plane  easy-axis  alignment. 

The  incorporation  of  Co  and  Ti  ions  resulted  in  smaller 
grain  size.  In  film  B,  the  average  plate  length  has  been  re¬ 
duced  to  ISO  nm  with  an  aspect  ratio  of  nearly  5  (Fig.  3). 
This  decrease  in  aspect  ratio  should  have  a  small  positive 
effect  on  Hc  since  the  c  axis  is  perpendicular  to  the  longer 
axis  of  these  plates.  The  finer  grain  size  is  advantageous  for 
increasing  the  signal-to-noise  ratio  in  recording  media.  In 
film  C,  the  high  quantity  of  dopants  leads  to  a  reduction  in 
the  number  of  acicular  grains  and  gives  rise  to  a  much  finer 
grain  size  (Fig.  4).  In  addition  to  the  acicular  grains,  an  array 
of  fine  equiaxed  grains  with  an  average  grain  size  of  16  nm 
can  be  seen.  Fine  defect  structures  [arrow.  Fig.  4(d)]  resem¬ 
bling  stacking  faults  being  observed  edge  on  can  be  found 
within  some  of  the  grains.  The  stacking  faults  probably  arise 
from  the  misstacking  of  the  oxygen  ions  closest-packed 
planes  due  to  excessive  Co  and  Ti  ions  and  a  deficiency  of 
Ba  ions.  The  high  Co-Ti  content  can  also  account  for  the  loss 
of  platelet  shape  anisotropy  usually  associated  with  barium 
ferrite.  The  reduction  in  grain  size  could  be  a  result  of  an 
enhancement  in  nucleation  sites  through  the  addition  of  Co 
and  Ti  ions.  The  acicular  grains  can  be  completely  eliminated 
by  altering  the  annealing  conditions  as  shown  in  Fig.  5.  This 
film  has  the  same  composition  as  film  C  but  was  annealed  at 
600  °C  for  5  h  and  then  at  800  °C  for  3  h.  Only  fine-equiaxed 
grains  similar  to  those  in  film  C  are  present. 

From  the  bright-field  (BF)  and  stereographic  images, 
barium  ferrite  grains  in  these  films  are  physically  separated 
and  the  reasons  are  twofold.  First,  the  inherent  platelet  mor¬ 
phology  of  barium  ferrite  particles  does  not  favor  a  high 
packing  density  and  thus  results  in  physical  voids  between 


FIG.  S.  Co-Ti  barium  ferrite  thin  film:  (a)  and  (b)  plan-view  BF  images. 
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IJu  6.  Co-11  barium  ferrite  thin  film:  (a)  and  (b)  cross-section  BF  images. 

the  grains.  Second,  a  volume  reduction  during  the 
amoiphous-to-crystalline  phase  transformation  induces  the 
formation  of  channels  between  grains.  A  cross  section  of  film 
C  is  shown  in  Fig.  6.  The  rough  surface  reflects  the  low 
packing  density,  and  physical  channels  can  be  observed  be¬ 
tween  the  grains.  Such  channels  can  also  be  found  in  Fig. 
5(b)  (arrow).  These  voids  and  channels  can  account  for  the 
slightly  low  measured  Af,  value.  Moreover,  such  separation 
will  lead  to  a  reduction  in  the  magnetic  coupling  between  the 
barium  ferrite  grains,  thus  reducing  the  size  of  the  basic  mag¬ 
netic  units  and  encouraging  magnetization  reversal  by  indi¬ 
vidual  particle  rotation. 

IV.  CONCLUSIONS 

The  crystallographic  texture  and  microstructure  of 
barium  ferrite  films  is  very  sensitive  to  the  sputtering  and 


postdeposition  annealing  conditions.  The  grain  morphology 
and  the  grain  size  is  controlled  by  the  amount  of  Co  and  Ti 
present  in  the  films  and  the  annealing  conditions.  Further¬ 
more,  H c  can  be  adjusted  by  controlling  the  amount  of  dop¬ 
ants  incorporated  into  the  film.  However,  excess  Co-Ti  dop¬ 
ing  leads  to  the  basal  plane  becoming  a  preferred  orientation 
and  causes  a  loss  of  in-plane  anisotropy.  Films  fabricated 
with  this  technique  have  been  found  to  have  physical  voids 
and  channels  separating  the  grains  which  should  help  de¬ 
crease  the  exchange  coupling  between  grains. 
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Low-temperature  deposition  of  hexagonal  ferrite  films  by  sputtering 
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Pb-substituted  Ba-ferrite  films  were  prepared  at  various  substrate  temperature  T,  by  dc  magnetron 
sputtering  and  their  crystallographic  characteristics  and  magnetic  propenies  were  investigated.  The 
substitution  of  Pb  facilitates  the  crystallization  and  improves  the  crystallinity  for  hexagonal  M 
phase.  Ail  of  the  films  prepared  at  T,  above  460  °C  exhibit  a  good  c-axis  orientation  and  the  c-axis 
dispersion  angle  (A^o)  for  Pb-substituted  Ba-ferrite  films  is  as  small  as  1°.  The  coercivities  (Hcl) 
and  He ()  and  saturation  magnetization  M,  of  Pb-substituted  Ba-ferrite  films  are  0.7-1.0  kOe,  0.2 
kOe  and  250-300  emu/cm3,  respectively. 


INTRODUCTION 

Many  researchers  have  focused  on  perpendicular  mag¬ 
netic  recording  since  it  was  proposed  by  Iwasaki  and 
Nakamura.'  Perpendicular  recording  is  substantially  prefer¬ 
able  for  high-density  recording  under  the  geometrical  condi¬ 
tions  of  the  head-medium  configuration. 

There  are  various  candidates  for  the  perpendicular  re¬ 
cording  materials  such  as  Co-Cr  thin  films,2  Fe-  and  Co¬ 
plated  films  on  aluminum  oxide  substrate,3  and  Ba-ferrite 
particulate  medium.4 

Good  chemical  stability  and  mechanical  durability  as 
well  as  excellent  magnetic  properties  are  essential  for  record¬ 
ing  medium.  The  authors  have  been  studying  a  magne- 
toplumbite  type  of  hexagonal  Ba-ferrite  (BaM)  thin  films 
prepared  by  sputtering3  and  sol-gel  method6  and  reported 
that  BaM  sputtered  rigid  disks  with  small  c-axis  dispersion 
angle  (A05o)  possess  excellent  recording  characteristics.7  Ac¬ 
cording  to  their  reports,  the  recording  density  D}0  depends 
on  At>so  and  the  smaller  Aft*,  results  in  the  higher  O50. 

There  are  some  problems  to  be  solved  in  a  preparation  of 
BaM  61ms.  One  of  the  most  important  problems  is  that  a 
high  substrate  temperature  Ts  is  necessary  to  crystallize  the 
hexagonal  M  phase.  The  T,  for  preparing  BaM  films  with 
A#*,  as  small  as  2-3*  is  about  620  °C,5  and  such  a  high  T, 
limits  the  selection  of  substrate  material.  It  is  strongly  rec¬ 
ommended  to  reduce  the  T,  during  deposition  for  the  practi¬ 
cal  fabrication  of  the  recording  medium.  Although  the  au¬ 
thors  have  already  examined  the  low-temperature  deposition 
and  successive  heat  treatment,  BaM  films  with  c-axis  orien¬ 
tation  could  not  be  prepared.8 

It  is  known  that  there  are  some  divalent  ions  such  as 
Ba**,  Ca**,  Sr**,  and  Pb**,  which  have  approximately 
tire  same  ionic  radii  as  that  of  the  oxygen  divalent  ion  and 
these  elements  are  the  constituents  of  the  hexagonal  M-type 
ferrites.  Among  them,  Pb  is  the  easiest  to  obtain  as  a  pure 
metal  and  the  melting  point  of  PbM  is  1315  °C,  while  that  of 
SrM  and  BaM  is  1500  and  1565  °C,  respectively.  Although  it 
is  expected  that  the  low  melting  temperature  leads  to  lower¬ 
ing  the  crystallization  temperature  of  hexagonal  ferrite,  there 
are  few  studies  on  the  PbM  films. 

In  this  study,  Pb-substituted  BaM  [(Ba-Pb)M]  films  were 
prepared  by  dc  magnetron  sputtering  system  and  the  depen¬ 


dencies  of  their  crystallographic  characteristics  and  magnetic 
properties  on  T,  were  investigated. 

II.  EXPERIMENT 

BaM  films  had  been  prepared  by  means  of  rf  diode  sput¬ 
tering  in  our  previous  studies.  In  order  to  compensate  the 
lack  of  Ba  content  in  the  films  and  to  obtain  the  films  with  a 
stoichiometric  composition  of  BaM  (i.e.,  n—  6  in 
Ba0-nFe203),  Ba  content  in  the  target  was  increased  to  1.7 
times  (BaO  -3.5  Fe203)  that  of  stoichiometric  composition  of 
BaM.  The  decrease  of  Ba  content  in  the  films  was  considered 
to  be  scattering  loss  mainly  caused  by  the  bombardment  of 
high-energetic  ions  from  the  plasma. 

In  this  study,  the  dc  magnetron  sputtering  system  was 
used  to  prepare  Pb-substituted  BaM[(BaPb)M)  films.  The 
target  is  a  sintered  ferrite  disk  (8  cm  diameter)  with  stoichio¬ 
metric  composition  of  BaM  (i.e.  n=6  in  BaOnFe203)  and 
Pb  content  was  controlled  by  the  number  of  Pb  chips  of  5 
mm  square  on  this  disk.  The  substrate  is  a  thermally  oxidized 
silicon  wafer  and  T,  is  measured  with  a  thermocouple  in 
contact  with  the  substrate  surface.  The  discharge  gas  pressure 
Pm,  which  is  a  sum  of  argon  and  oxygen  partial  gas  pres¬ 
sure,  was  set  at  2  mTorr.  The  partial  oxygen  gas  pressure  P0; 
was  0.03  mTorr  and  the  thickness  of  (Ba  Pb)M  films  was 
about  1200  A. 


IH.  RESULTS  AND  DISCUSSION 

The  n  for  the  stoichiometric  composition  of  BaM  is  6.0, 
where  a  molecular  formula  is  BaOnFe203.  The  composition 
of  films  prepared  in  this  study  was  about  5.5  in  (BaPb)O 
nFe20,  (i.e.,  Pb0  55Bafl63Fe12OJ)  at  10  Pb  chips. 

Figure  1  shows  the  x-ray-diffraction  diagrams  for  the 
films  prepared  at  various  T, .  The  films  prepared  at  T,  of 
410  °C  consisted  of  a  spinel-like  phase  with  the  crystal  ori¬ 
entation  of  the  (111)  plane  which  is  the  mast  closed-packed 
plane  and  those  prepared  at  T,  of  460  °C  consisted  of  a 
spinel-like  phase  and  M  phase  without  c-axis  orientation. 
When  T,  was  elevated  at  480  °C,  the  diffraction  lines  were 
only  from  both  c  plane  of  the  hexagonal  M  phase  and  (111) 
plane  of  spinel-like  ferrite.  At  T,  of  530  °C,  the  intensity  of 
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FIG.  1.  X-r»v-diffn»vtk»n  diagrams  of  (Ba  Pb)M  films  prepared  a(  various 
T, 


diffraction  lines  from  the  c  plane  of  M  phase  becomes 
strong.  This  means  that  the  M  phase  grows  rapidly  at  about 
this  temperature. 

Figure  2  shows  the  dependence  of  a  c-axis  orientation 
factor  fc  (Ref.  9)  for  M-phase  crystallite  on  T, .  When  the  c 
axis  is  completely  oriented  perpendicularly  to  the  film  plane. 
ft  takes  the  value  of  1.0  and  when  other  planes  of  M-phase 
crystallite  are  detected  together,  fc  is  less  than  1.0.  In  order 


FIG.  3.  Dependence  of  r*axis  dispersion  angle  A/v  of  iBa  PbIM  films  on 
7, 

to  clarify  the  effect  of  Pb  substitution.  fe  of  the  simple  BaM 
films'0  prepared  by  rf  diode  sputtering  is  also  included, 
shown  by  solid  circles.  The  fc  reaches  1 .0  at  7",  of  480  °C  L : 
(BaPb)M  films,  while  that  for  simple  BaM  films  reaches  1.0 
at  550  °C.  From  these  results,  it  is  found  that  the  substitution 
of  Pb  facilitates  the  crystallization  and  improves  the  orienta¬ 
tion  of  c  axis  for  hexagonal  M  phase. 

Figure  3  shows  the  dependence  of  on  Ts .  for 
(Ba  Pb)M  films  below  550  °C  is  almost  constant  and  as 
small  as  about  1°.  Further  increase  of  Ts  results  in  slight 
increase  of  Aflw.  These  small  values  of  are  suitable  for 
the  high-density  recording  media,  where  the  ring-type  head 
is  used  in  perpendicular  magnetic  recording.7 

Figure  4  shows  the  dependence  of  saturation  magnetiza¬ 
tion  Af ,  for  (Ba  Pb)M  films  on  T, .  The  films  prepared  at  T, 
below  460  °C  exhibit  M,  of  about  50  emu/ern3.  Ms  increases 
rapidly  with  increase  of  T ,  from  530  to  550  °C.  This  corre- 


FK3  1  Dependence  of  c -arris  orientation  factor  f,  for  (Ba  Ph)M  films  and 

BaM  fltae  on  T, , 


FIG.  4.  Dependence  of  saturation  magnetization  M,  of  (Ba-Pt>)M  films  on 

T. 
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FIG.  5.  Dependence  of  coercivities  W,  and  Hc,  of  (Ba-Pb)M  films  on  T%  . 

sponds  to  the  growth  of  M  phase,  as  shown  in  Fig.  i.  Ms  for 
the  films  prepared  at  Ts  above  550  °C  is  in  the  range  from 
270  to  300  emu/cm5. 

Figure  5  shows  the  dependence  of  coercivities  on  Ts . 
The  Hci  is  almost  constant  at  Ts  below  500  °C  and  increases 
rapidly  at  T,  above  530  °C,  while  decreases  gradually 
with  increase  of  7', . 

IV.  CONCLUSION 

(Ba-Pb)M  films  have  been  prepared  by  using  a  dc  mag¬ 
netron  sputtering  system  and  their  crystallographic  character¬ 
istics  and  magnetic  properties  were  studied. 


It  is  found  that  the  substitution  of  Pb  facilitates  the  crys¬ 
tallization  and  improves  the  crystallinity  for  hexagonal  M 
phase.  All  of  the  films  prepared  at  Ts  above  460  °C  exhibit  a 
good  c-axis  orientation  and  the  c-axis  dispersion  angle 
(A^,)  for  Pb-substituted  Ba-ferrite  films  is  as  small  as  1°. 
The  coercivities  Hel  and  Hc,  and  saturation  magnetization 
M ,  of  Pb-substituted  Ba-ferrite  films  are  0.7-1.0  kOe,  0.2 
kOe,  and  250-300  emu/cm3,  respectively. 
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Surface  roughness  and  magnetic  properties  of  in  situ  heated 
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The  surface  roughness  and  magnetic  properties  of  thin  films  of  hexagonal  barium  ferrite  (BaFe) 
deposited  on  Si02/Si  and  Si  substrates  by  facing  target  sputtering  were  studied  using  in  situ  heating 
during  deposition  and  postannealing  after  deposition.  The  perpendicular  coercivity  of  the  BaFe  films 
varied  between  775  and  1430  Oe  with  substrate  temperature  for  both  in  situ  heated  (560-620  °C) 
and  postannealed  (800-1200  “C)  films.  The  effect  of  temperature  on  the  surface  roughness  of 
BaFe/Si  was  greater  than  that  of  BaFe/Si02/Si.  The  results  of  this  study  indicate  that  the  mean 
surface  roughness  (Ka=  11.4-27  nm)  of  BaFe  films  on  Si  substrates  was  greater  than  the  roughness 
(/f„ =3.9-17  nm)  of  BaFe  films  on  amorphous  Si02/Si  substrates.  This  increase  of  surface 
roughness  with  increasing  sul  rate  temperature  is  due  to  the  evolution  of  grain  boundaries  and  step 
formation  during  deposition  and  annealing. 


I.  INTRODUCTION 

Thin  films  of  magnetoplumbite  (Af)  type  barium  ferrite 
(BaFe)  have  potential  for  high-density  contact  or  quasicon¬ 
tact  recording  because  of  high  mechanical  hardness  and 
chemical  stability.  Either  conventional  or  facing  target  sput¬ 
tering  (FT'S)  methods1  can  be  used  to  prepare  stoichiometric 
BaFe  films  which  have  good  perpendicular  magnetic 
properties.2-’  Because  high  temperatures  (550-600  “C)  are 
required  to  grow  hexagonal  BaFe,  the  substrate  heating  dur¬ 
ing  film  growth  or  postannealing  after  deposition  can  have  a 
significant  effect  on  the  surface  roughness  of  the  film.  The 
surface  roughness  of  magnetic  recording  media  is  one  of  the 
most  important  factors  of  the  head/disk  interface4,5  for  ex¬ 
tremely  low-flying  heights  or  quasicontact  recording. 

The  purpose  of  this  research  is  to  study  the  effects  of 
high-substrate  annealing  temperatures  during  deposition  and 
after  deposition  on  the  crystal  structure  and  surface  morphol¬ 
ogy  of  thin  films  of  BaFe  deposited  on  Si  and  thermally 
oxidized  Si02/Si  substrates. 

II.  EXPERIMENTAL  PROCEDURE 

Thin  films  of  BaFe  were  prepared  on  thermally  oxidized 
silicon  (SiOySi)  and  (OOl)-oriented  bare  silicon  substrates 
using  a  dc  magnetron  FTS  system.  The  thickness  of  the 
amorphous  Si02  was  10000  A.  Co-  and  Ti-doped  barium 
ferrite  (BaFe:BaFe,OMCOo.MTio.70,,)  targets  were  used  in 
this  experiment.  A  gas  mixture  of  argon  and  5%  oxygen  was 
introduced  after  the  chamber  was  evacuated  to  2X  10~6  Tore. 
The  total  pressure  of  the  gas  mixture  was  0.5  mTore.  One  set 
of  samples  was  prepared  using  in  situ  heating  during  sputter¬ 
ing  in  the  chamber  and  another  set  was  prepared  using  post¬ 
annealing  after  deposition  without  substrate  heating.  The 
thickness  of  the  BaFe  films  was  fixed  at  2200  A. 

The  magnetic  properties  were  measured  using  a  vibrat¬ 
ing  sample  magnetometer.  An  x-ray  diffractometer  (CuKa) 
was  used  to  determine  the  crystallographic  texture  of  the 
films. 


An  atomic  force  microscope  (AFM)  was  used  to  mea¬ 
sure  the  morphology  and  roughness  of  the  BaFe  film  surface. 
The  surface  roughness  was  characterized  by  maximum 
height  /?„„  and  mean  surface  roughness  Ra .  Ra  is  defined 
by6 

rt*  =  ry-  [  ’f  *\f{x,y)\dx  dy, 

L-xEy  JO  Jo 

where  /(x,y)  is  surface  position  relative  to  the  mean  plane. 
Lx,Ly  are  the  dimensions  of  the  surface.  is  the  height 
difference  between  the  highest  and  lowest  position  in  the 
plane. 

III.  RESULTS  AND  DISCUSSION 

Figures  1(a)  and  1(b)  show  the  perpendicular  coercivity 
of  the  BaFe  films  deposited  on  Si02/Si  and  Si  substrates  at 
high  substrate  temperature  (in  situ  heated)  and  annealed  after 
deposition  without  substrate  heating  (postannealed),  respec¬ 
tively.  In  the  case  of  in  situ  heated  samples  from  560  to 
620  °C,  the  perpendicular  coercivity  of  BaFe/Si02/Si  in¬ 
creased  as  the  substrate  temperature  increased  and  showed  a 
maximum  value  at  600  °C.  It  decreased  to  906  Oe  at  620  °C. 
The  decrease  of  coercivity  at  620  °C  might  be  due  to  grain 
growth.  The  perpendicular  coercivity  of  the  BaFe/Si  sample 
also  has  a  maximum  coercivity  of  1050  Oe  at  600  “C;  how¬ 
ever,  the  temperature  dependence  of  the  coercivity  of 
BaFe/Si  was  lower  than  that  of  BaFe/Si02/Si.  A  higher  coer¬ 
civity  of  BaFe/Si  than  that  of  BaFe/SKFJSi  at  560  °C  might 
be  due  to  a  larger  difference  in  the  thermal-expansion  coef¬ 
ficient  between  BaFe  and  Si  than  that  between  BaFe  and 
amorphous  Si02.  The  coercivity  of  postannealed 
BaFe/Si02/Si  samples  also  increased  with  annealing  tem¬ 
perature  and  showed  maximum  perpendicular  coercivity  of 
1400  Oe  at  950  °C.  The  coercivity  of  postannealed  BaFe/Si 
samples  showed  maximum  perpendicular  coercivity  of  1400 
Oe  at  900  °C  and  the  temperature  dependence  of  coercivity 
on  the  annealing  temperature  was  also  lower  than  that  of 
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FIG.  1.  Effect  of  (a)  substrate  temperature  and  (b)  annealing  temperature  on 
perpendicular  coercivify  of  thin  dims  of  BaFe  on  SiO./Si  and  Si  substrates. 

BaFe/SiCtySi.  It  decreased  abruptly  to  20  Oe  at  1200  °C. 
This  drastic  reduction  of  coercivity  might  be  due  to  the  in¬ 
stability  of  BaFe  phase  at  1200  ”C. 

As  shown  in  a  previous  report,3  x-ray  diffraction  shows 
peaks  from  the  basal  plane  of  the  hexagonal  BaFe  phase 
from  both  in  situ  heated  and  postannealed  samples.  Figure  2 
shows  the  intensity  of  x-ray  diffraction  from  the  (00.8)  plane 
for  both  in  situ  heated  and  postannealed  samples.  In  the  case 
of  in  situ  heated  samples,  BaFe/Si02/Si  showed  a  much 
higher  intensity  than  BaFe/Si  samples.  The  reason  might  be 
the  smaller  difference  in  thermal-expansion  coefficient  be¬ 
tween  BaFe  and  Si02  than  that  between  BaFe  and  Si.  In  the 
case  of  postannealed  samples,  both  BaFe/Si02/Si  and 
BaFe/Si  showed  a  smaller  x-ray  intensity  than  in  situ  heated 
BaFe/Si02/Si.  This  indicates  that  in  situ  heating  is  more  ef¬ 
ficient  than  the  postannealing  method. 

Figures  3  and  4  show  AFM  micrographs  and  measure¬ 
ments  of  surface  roughness  of  BaFe  films  on  SiO^Si  [Figs. 
3(a)  and  3(b)]  and  Si  substrates  [Figs.  3(c)  and  3(d)]  which 
were  prepared  with  in  situ  heating  during  deposition.  Figures 
3(a)  and  3(c)  were  prepared  at  the  substrate  temperature  of 
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FIG.  3.  AFM  micrograph  of  BaFe  in  situ  heated  during  deposition.  Box 
size:  (a)-(c)  2  pm;  id)  5  /iro. 


580  °C  and  Figs.  3(b)  and  3(d)  were  prepared  at  the  substrate 
temperature  of  620  °C.  The  AFM  micrograph  shows  an  in¬ 
crease  in  grain  size  with  increasing  substrate  temperature. 
One  of  the  important  features  to  note  is  that  the  film  creates 
steps  during  the  growth  stage  at  high  substrate  temperature 
[Fig.  3(d)].  BaFe  grains  first  grow  as  platelets  and  then  a  new 
platelet  nucleates  on  the  platelets  so  that  overlapped  platelets 
might  be  formed.  The  formation  of  overlapped  platelets  was 
also  observed  using  transmission  electron  microscopy 
(TEM)  and  scanning  electron  microscopy  (SEM).3 

The  surface  roughness  of  BaFe  films  was  characterized 
by  Ra  and  Rm„  values  where  these  values  were  obtained 
from  a  surface  area  of  2X2  fim2  and  5x5  /cm2  for  the  films 
which  have  larger  grain  size.  Without  substrate  beating,  the 
Ra  and  value  of  as-deposited  BaFe/SiOz/Si  was  0.4  and 
3.6  nm,  respectively.  Such  a  smooth  surface  is  one  of  the 
unique  advantages  of  using  a  facing  target  sputtering  system 
which  deposits  films  without  bombardment  of  gamma  (y) 
electrons  and  negative  ions  to  the  substrate  surface.  R„  val¬ 
ues  were  slightly  lower  for  BaFe  films  on  a  Si02/Si  substrate 


550  550  570  350  550  500  510  520  630 

Twtpmtur*  (*C) 


\ 


FIG.  2.  Intensity  of  x-ray  diffraction  from  (00.8)  plane  for  in  situ  heated  and  FIG.  4.  Effect  of  substrate  temperature  (in  situ  heating)  on  roughness  of  thin 
postannealed  BaFe  on  SiOj/Si  and  Si  substrates.  films  of  BaFe  on  SiO^/Si  and  Si  substrates. 
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FIG.  5.  AFM  micrograph  of  BaFe  posl annealed  after  deposition.  Box  size: 
(a)-(c)  2  jun;  (d)  5  /*m. 


for  both  in  situ  heated  and  postannealed  samples  because  of 
the  smoother  surface  of  amorphous  Si02/Si.  The  smallest 
measured  Ra  value  was  3.9  nm  for  in  situ  heated  and  5.6  nm 
for  postannealed  film;  however,  the  Ra  of  postannealed 
BaFe/Si  increased  significantly  at  1000  °C.  The  maximum 
height,  which  is  an  important  parameter  from  the  tribological 
point  of  view,  increased  from  46.6  to  100  nm  for  in  situ 
heated  BaFe  films  on  SiOi/Si  substrate:  BaFe  films  deposited 
on  Si  substrates  showed  much  higher  values  of  roughness. 
As  the  substrate  temperature  increased  from  560  to  620  °C, 
the  Ra  increased  from  11.4  to  27.5  nm  as  the  Rmu  increased 
from  73.4  to  224.1  nm. 

Figures  5  and  6  show  AFM  micrographs  and  surface 
roughness  of  postannealed  BaFe  films,  respectively.  These 
films  were  deposited  at  room  temperature  and  annealed  in  air 
from  800  to  1000  °C  for  4  h.  The  annealing  temperature  for 
samples  in  Figs.  5(a)  and  5(c)  was  800  °C,  and  1000  ”C  for 
samples  in  Figs.  5(b)  and  5(d).  The  grain  size  and  surface 
roughness  of  BaFe/SiOySi  were  similar  to  those  of  BaFe/Si 
at  800  °C;  however,  as  the  temperature  increases,  the  differ¬ 
ence  becomes  large.  BaFe/Si  shows  large  surface  roughness 
which  might  be  due  to  interaction  between  BaFe  and  Si  or 
reconstruction  of  the  (001)  Si  surface.  The  AFM  micrographs 
show  a  large  growth  structure  for  both  samples  on  Si02/Si 
[Fig.  5(b)]  and  Si  substrates  [Fig.  4(d)],  The  average  grain 
size  was  about  1500  A  for  films  annealed  at  1000  °C  and  the 
surface  structure  became  about  5  fan  when  annealed  at 
1200  °C.  Hexagonal  plates  and  growth  steps  were  observed. 
These  results  indicate  that  postannealed  BaFe  films  grow  as 
platelets  and  they  overlap  during  growth  as  in  the  case  of  in 
situ  heating  during  deposition. 
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FIG.  6.  Effect  of  annealing  temperature  on  roughness  of  thin  films  of  BaFe 
on  Si02/Si  and  Si  substrates. 

IV.  CONCLUSION 

The  surface  roughness  and  magnetic  properties  of  in  situ 
heated  and  postannealed  thin  films  of  hexagonal  Barium  fer¬ 
rite  deposited  on  Si02/Si  and  Si  substrates  by  facing  target 
sputtering  were  studied. 

The  coercivity  of  the  BaFe  films  increased  with  increas¬ 
ing  substrate  temperature  and  showed  maximum  coercivity 
of  1050  Oe  at  600  °C  for  in  situ  heated  BaFe/Si  film  and 
1430  Oe  at  900  °C  for  postannealed  BaFe/Si  films.  The  sur¬ 
face  roughness  was  higher  for  films  on  a  Si  substrate  than  on 
amorphous  Si02/Si  substrates.  The  smallest  measured  Ra 
value  was  3.9  nm  for  in  situ  heated  BaFe/Si02/Si  and  5.6  nm 
for  postannealed  film.  The  effect  of  temperature  on  the  sur¬ 
face  roughness  of  BaFe/Si  was  greater  than  that  of 
BaFe/Si02/Si.  The  increase  of  surface  roughness  with  tem¬ 
perature  is  due  to  evolution  of  grain  and  step  formation  dur¬ 
ing  deposition  and  annealing. 

1 M.  Naoc,  S.  Hasunuma.  Y.  Hoshi.  and  S.  Yamanaka,  IEEE  Trans.  Magn. 
MAG-17.  3184  (1981). 

? M  Malsuoka,  Y.  Hoshi,  M.  Naoe.  and  S.  Yamanaka,  IEEE  Trans.  Magn. 
MAG-29.  800  (1991). 

3K.  Sin,  J.  M.  Sivertsen,  J.  H.  Judy.  Y.  Hoshi,  and  D.  Speliotis.  J.  Appl. 
Ptiys.  73,  6689  (1993). 

*H.  Morita,  K.  Fukuda,  and  J.  Ezaki,  J.  Magn.  Soc.  Jpn.  15,  Suppl.  2.  733 
(1991). 

SB.  Bhushan,  Tribology  and  Mechanics  of  Magnetic  Storage  Devices 
(Springer,  Berlin,  1990). 

6  User’s  manual  for  Nanoscope  III,  version  2.3.  Digital  Instruments. 


Sin,  SNwtsan,  and  Judy 


5074 


Preparation  of  Co-Zn  ferrite  films  at  low  substrate  temperature 
by  piasma-free  dc  sputtering  for  magnetic  recording  media 

N.  Matsushita,  K.  Noma,  S.  Nakagawa,  and  M.  Naoe 

Department  of  Physical  Electronics,  Tokyo  Institute  of  Technology,  2-12-1  O-okayama,  Meguro, 

Tokyo  152,  Japan 

Co-Zn  ferrite  films  with  small  grains  for  magnetic  recording  media  at  ultrahigh  density  were 
deposited  “plasma  free”  on  a  substrate  by  using  the  dc  facing  targets  sputtering  apparatus  without 
subsequent  annealing  process.  The  films  deposited  at  a  substrate  temperature  Ts  as  low  as  90  “C 
were  composed  of  crystallites  with  excellent  (111)  orientation  and  exhibited  a  saturation 
magnetization  4nM,  of  3.3  kG  and  an  in-plane  and  perpendicular  coercivity  Hc |  and  ffCL  of  1.8  and 
2.2  kOe,  respectively.  The  films  deposited  at  a  Ts  of  250  °C  exhibited  4nMs  of  4.8  kG  and 
possessed  almost  the  same  Hc j  and  HC1  of  1.5  kOe. 


I.  INTRODUCTION 

Since  it  has  become  difficult  to  attain  high  recording 
density  using  particulate  media  with  fine  particles  of  ferrite, 
such  as  y-Fe203  :Co  and  y-Fe203  :Os,  the  films  of  Co-based 
alloys  such  as  Co-Cr,1  Co-Cr/Cr,2  and  Co-Ni-Cr  are  mainly 
used  for  the  magnetic  layer  in  recording  media.  However, 
protective  and  lubricant  layers  are  necessary  on  them  be¬ 
cause  of  their  poor  chemical  stability  and  low  corrosion  re¬ 
sistance.  In  addition,  it  has  been  difficult  for  these  alloy  me¬ 
dia  to  exhibit  coercivity  higher  than  1.5  kOe  which  is 
necessary  for  ultrahigh-density  recording  media.  On  the  con¬ 
trary,  since  the  sputtered  films  of  femmagnetic  oxide  such  as 
a  spinel  type  of  Co  ferrite  (CoFe204)  and  a  magnetoplumbite 
type  of  Ba  ferrite  (BaFe!2Ol9)  exhibit  moderate  saturation 
magnetization  4  irM ,  and  high  coercivity  Hc  as  well  as  a 
remarkable  chemical  stability  and  high  corrosion  resistance, 
they  are  expected  to  become  applicable  for  high-density  re¬ 
cording  media.14  Recently,  films  of  a  spinel  type  of  Co-Zn 
ferrite  have  become  attractive  for  recording  media  because  of 
their  capability  of  stably  forming  the  smallest  magnetic  do¬ 
mains  among  all  kinds  of  ferrites.  However,  it  has  been  dif¬ 
ficult  to  prepare  ferrimagnetic  oxide  films  with  good  crystal¬ 
linity  and  sufficient  magnetic  characteristics  using  a 
conventional  sputtering  system,  such  as  diode  and  magne¬ 
tron,  because  of  serious  plasma  damage  and  the  low  kinetic 
energy  of  adatoms.  Therefore,  CoFe2(tyZnO  double-layered 
films  were  deposited  “plasma  free”  on  substrates  by  using 
the  facing  targets  sputtering  (FTS)  apparatus  as  shown  in  a 
previous  article.5  Although  CoFe204/ZnO  double-layered 
films  had  visible  (111)  orientation  even  at  the  substrate  tem¬ 
perature  Ts  lower  than  100  °C,  the  elevation  of  Ts  above 
500  °C  was  necessary  to  obtain  sufficiently  good  magnetic 
characteristics;  however,  the  deposition  of  these  layers  on 
low  heat  resistance  substrates  has  to  be  achieved  at  low  T, 
for  the  entire  process. 

In  this  study,  Zn  substitution  of  Co  ferrite  was  used  for 
the  purpose  of  increasing  the  4irAf ,  (Ref.  6)  and  decreasing 
the  Hc  of  the  deposited  films.  Crystallographic  and  magnetic 
characteristics  as  well  as  surface  texture  and  cross-section 
morphology  of  films  deposited  at  low  Ts  were  precisely  in¬ 
vestigated. 


II.  EXPERIMENTS 

The  specimen  Co-Zn  ferrite  films  were  deposited  using 
the  FTS  apparatus.  A  pair  of  Coo51Zn045Fe2.o»04  plates  90 
mm  in  diameter  were  used  as  targets.  These  targets  were 
sintered  from  the  starting  mixture  of  (CoO)0  5,  (ZnO)0  5,  and 
(<x-Fe203)i  0  powder  at  1200  °C  in  air  by  a  conventional  dry 
ceramic  technique.  Since  Co-Zn  ferrite  targets  sintered  by 
this  process  had  too  high  a  resistivity  to  sustain  stable  dc 
glow  discharge,  they  were  reduced  in  hydrogen  atmosphere 
for  1  h  to  decrease  their  resistivity.  Ar  and  02  gases  were 
introduced  individually  into  the  sputtering  and  depositing 
chamber  as  working  gases.  The  total  gas  pressure  P,„  and 
the  partial  oxygen  gas  pressure  P0}  were  set  at  2.0  and  0.02 
mTorr,  respectively.  The  Co-Zn  ferrite  films  were  deposited 
on  15X15  mm2  substrates  of  thermal  oxidized  Si  wafers  for 
180  min.  The  substrate  temperature  T,  was  varied  in  the 
range  from  90  °C  (without  heating  substrate)  to  500  °C  (with 
heating  substrate)  and  the  film  thickness  was  in  the  range 
from  0.7  to  1.0  pun. 

Film  composition  was  determined  by  inductive  coupled 
plasma  analysis  (ICPA).  The  surface  texture  and  cross- 
section  morphology  was  observed  by  scanning  electron  mi¬ 
croscope  (SEM).  The  crystallographic  characteristics  such  as 
the  crystallite  size  </>}  and  the  full  width  of  half-maximum 
of  rocking  profiles  Afijo  were  estimated  from  x-ray- 
diffraction  diagrams  and  magnetic  characteristics  such  as 
4irA/j  and  Hc  were  determined  from  the  hysteresis  loops 
measured  by  using  a  vibrating  sample  magnetometer  (VSM). 

III.  RESULTS  AND  DISCUSSION 
A.  Film  composition 

Figure  1  shows  the  compositions  of  the  target  used  in 
this  study  and  films  deposited  at  various  T,,  in  which  the 
content  of  metallic  ion  is  normalized  for 
Co>+CZo+Cft=3.0.  The  Ts  without  heating  substrate  was 
elevated  to  about  90  °C  by  the  radiation  from  the  plasma. 
While  Cc  were  constant  in  the  target  and  all  films,  C*,  of 
the  films  deposited  at  90  °C  (without  beating  substrate)  was 
smaller  than  that  of  the  target,  decreased  gradually  with  in¬ 
creasing  of  T,  up  to  400  °C,  and  was  almost  zero  at  T,  of 
400  °C.  On  the  other  hand,  increased  with  increasing  of 
Ts  as  opposed  to  the  decrease  of  .  As  shown  above,  the 
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FIG.  1.  Compositions  of  Co-Zn  ferrite  films  determined  by  1CPA  (content  of 
metallic  ions  is  normalized  for 

substitution  of  Zn  ions  in  the  films  became  difficult  with 
increasing  Ts .  It  was  found  that  the  distribution  of  Zn  and  Fe 
ions  had  a  close  relationship  to  the  crystallographic  and  mag¬ 
netic  characteristics. 

B.  SEM  observation 

The  films  deposited  at  T„  of  90  and  400  °C  revealed 
completely  different  surface  textures  and  cross-section  mor¬ 
phologies  as  seen  in  Figs.  2(a)  and  2(b),  respectively.  Al¬ 
though  a  uniform  morphology  as  well  as  very  flat  surface 
were  seen  in  Fig.  2(a),  the  film  deposited  at  Ts  of  400  °C 
revealed  the  excessive  growth  of  crsytaUine  grains  and  a 
rough  surface  as  seen  in  Fig.  2(b).  The  center-line  average 
roughness  and  the  root-mean-square  roughness  Rms  for 


(b)  ■■■■ 

FIG.  2.  SEM  photographs  of  Co-Zn  fenite  films  deposited  (»)  at  T,  of  90  °C 
(without  bearing  substrate)  and  (b)  at  T,  of  400  “C  (with  beating  substrate). 
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FIG.  3.  X-ray  diffraction  diagrams  at  various  T%  - 

them  were  measured  by  using  atomic  force  microscopy 
(AFM).  R„  and  of  the  film  of  Fig.  2(a)  were  1.42  and 
1.73  nm,  and  those  of  the  film  of  Fig.  2(b)  were  94.9  and 
116.8  nm,  respectively. 

C.  Crystal  orientation  and  crystallographic 
characteristics 

Figure  3  shows  the  x-ray-diffraction  diagrams  for  the 
films  deposited  at  various  Ts .  The  film  deposited  at  90  °C 
was  only  composed  of  crystallites  with  excellent  (111)  ori¬ 
entation.  However,  for  films  deposited  at  Ts  of  250  °C,  al¬ 
though  the  x-ray-diffraction  intensity  lXHD  corresponding  to 
(111)  fairly  increased,  the  (311)  peak  was  also  visible.  /XRD 
of  (311)  increased  with  increasing  of  Ts  and  the  films  depos¬ 
ited  at  T,  above  400  °C  were  composed  of  only  crystallites 
with  (311)  orientation.  This  (311)  peak  is  commonly  visible 
and  exhibits  the  largest  /Xrd  in  powder-x-ray  diffraction  dia¬ 
gram  of  spinel  ferrite.  The  Co  ferrite  (CoFe204)  films  depos- 
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FIG.  4.  Dependencies  of  saturation  magnetization  dirM,  on  substrate  tem¬ 
perature  T, . 
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Substrate  Temperature  Ts  PC)  FIG.  6.  Sketch  of  easy  and  hard  axes.  <I00>  and  <11 1).  of  Co-Zn  ferrite 

crystallite  with  (111)  orientation. 


FIG.  5.  Dependencies  of  in-plane  and  perpendicular  coercivities  Hc ,  and 
Hcl  on  substrate  temperature  Tt . 

ited  under  the  same  sputtering  conditions,  PM  of  2  mTotr, 

of  0.02  mTorr,  and  T,  of  90-600  °C,  were  mainly  com¬ 
posed  of  crystallites  with  (311)  orientation.3  Therefore,  the 
difference  of  the  crystal  structure  between  Co-Zn  ferrite  and 
Co  ferrite  films  deposited  at  lower  T,  below  300  °C  seemed 
to  be  caused  by  the  substitution  of  Zn  ions  in  tetrahedral  A 
site  of  spinel  structure. 

The  crystallite  sizes  (D)uu)  calculated  by  Sherrer  equa¬ 
tions  on  the  (111)  peak  were  as  large  as  330  A  even  at  T,  of 
90  °C.  Although  ASh,,,,,  took  the  minimum  value  of  2.3°  at 
T,  of  250  °C,  it  was  as  small  as  about  5°  even  for  the  film 
deposited  at  T,  of  90  °C. 

D.  Magnetic  characteristics:  4nM,  and  H„ 

Figures  4  and  5  show  the  T,  dependencies  of  4irAf  5  and 
the  in-plane  coercivity  and  perpendicular  coercivities  Hcf 
and  HC1  of  Co-Zn  ferrite  and  CoFe20</ZnO  films,  respec¬ 
tively.  It  was  confirmed  that  4rr M,  was  increased  by  the 
substitution  of  Zn  ions  onto  tetrahedral  A  site  of  Co-Zn  fer¬ 
rite  at  T,  up  to  250  °C.  It  took  the  maximum  value  of  4.8  kG 
at  Ts  of  250  ”C  and  then  decreased  with  increasing  of  Ts 
above  250  ”C.  This  seemed  to  be  caused  by  the  fact  that  the 
number  of  Fe3+  occupying  the  A  site  increased  with  decreas¬ 
ing  the  number  of  Zn2+  at  T,  above  250  °C,  as  mentioned 
above  and  shown  in  Fig.  1.  It  should  be  noted  that  AirM,  of 
Co-Zn  ferrite  film  was  as  large  as  3.3  kG  even  at  T,  about 
90  °C  (without  heating  substrate),  while  that  of 
CoFejtyZnO  film  was  as  small  as  only  0.5  kG.  On  the  other 
hand,  although  Hc j  and  Hck  of  CoFe20/ZnO  films  depos¬ 
ited  at  T,  of  100  °C  were  very  low,  those  of  the  Co-Zn  ferrite 
films  deposited  at  T,  of  90  °C  were  as  relatively  large  as  2.2 
and  1.8  kOe,  respectively,  and  those  of  ones  at  T,  of  250  °C 
took  the  same  value  of  1.5  kOe.  Since  the  easy  and  hard  axes 
of  Co  ferrite  are  (100)  and  (111),  respectively,  and  (100)  axes 


are  distributed  in  a  circular  cone  whose  generation  line 
canted  at  an  angle  of  35.3°  to  the  film  plane  when  films  had 
(111)  orientation  as  seen  in  Fig.  6,  Hcl  and  HCL  were  both 
relatively  high  and  they  were  not  so  different  from  each 
other.  Therefore,  these  films  may  be  applicable  for  isotropic 
media  with  ultrahigh  density.  Since  Zn  ions  could  substitute 
at  Ts  in  this  range  as  seen  in  Fig.  1,  the  substitution  of  Fe 
ions  by  Zn  ones  in  tetrahedral  A  sites  seemed  to  be  useful  not 
only  for  increasing  4  trMs  and  decreasing  Hc  but  also  for 
promoting  the  formation  of  the  most  closely  packed  plane  of 
oxygen  ions  and  decreasing  the  crystallization  temperature  of 
Co  ferrite  films. 

IV.  CONCLUSION 

Co-Zn  ferrite  films  were  deposited  by  using  the  dc  fac¬ 
ing  targets  sputtering  apparatus  without  subsequent  anneal¬ 
ing  process.  Films  deposited  at  the  substrate  temperature  T, 
as  low  as  90  °C  were  composed  of  crystallites  with  excellent 
(111)  orientation  and  the  film  surface  texture  exhibited  ex¬ 
cellent  smoothness.  They  possessed  the  moderate  saturation 
magnetization  4irM,  of  3.3  kG  and  the  in-plane  and  perpen¬ 
dicular  coercivity  Hc j  and  Hcl  were  1.8  and  2.2  kOe,  respec¬ 
tively.  Since  a  very  low-temperature  process  has  been 
achieved  in  this  study.  Co-Zn  ferrite  films  seemed  to  be  ap¬ 
plicable  for  flexible  disk  and  tape  with  high  recording  den¬ 
sity  even  if  low  heat  resistance  sheets  such  as  polycarbonate 
(PC)  disks  and  polyethylene  terephthalate  (PET)  tapes  are 
used  as  substrates. 
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Magnetic  and  crystallographic  properties  of  Co-Cr-(Ta,Pt)/Cr  films 
deposited  by  exclmer  laser  ablation 

A.  IsNkawa,  K.  Tanahashi,  Y.  Yahtsa,  Y.  Hosoe,  and  Y.  Shtrotshi 

Central  Research  Laboratory,  Hitachi,  Ltd.  1-280,  Higasht-koigakubo,  Kohtbutji-shi,  Tokyo  185,  Japan 

The  crystal  structure  and  magnetic  properties  of  Co-alloy  films  deposited  by  KrF  excimer  laser 
ablation  were  investigated.  A  pulsed  laser  beam  with  wavelength  of  248  nm  was  focused  onto  the 
deposition  targets  which  were  fixed  in  the  vacuum  chamber.  Cr  underlayer  and  Co-alloy  films  were 
successively  deposited  at  a  rate  of  0.012  nm/putse.  The  film  surface  was  microscopically  smooth 
compared  to  the  sputtered  films.  This  may  be  due  to  the  low  shadowing  effect  during  the  laser 
deposition.  The  composition  of  the  film  was  reproducibly  controlled,  though  there  was  a  slight 
difference  between  the  composition  of  film  and  target  material.  The  coercivities  of  Co-Cr-Pt/Cr 
films  formed  on  the  Si  and  Ni-P  substrates  at  250  °C  were  130  and  220  Oe,  which  were  about 
one-fifth  of  the  coercivity  of  sputtered  films.  Crystallographic  analyses  showed  that  Cr  underlayer 
had  no  crystal  orientation,  and  Co-alloy  film  consisted  of  fine  fcc-type  crystal  grains.  Low  coercivity 
of  the  laser-deposited  film  is  probably  due  to  the  lack  of  hep  Co  phase. 


I.  INTRODUCTION 

Sputtered  Co-alloy  films  formed  on  the  Cr  underlayer 
show  high  in-plane  coercivity  and  have  been  widely  devel¬ 
oped  for  longitudinal  magnetic  recording  media.1-3  The  sput¬ 
tered  film  structure  is  granular  owing  to  a  shadowing  effect 
which  is  caused  by  the  Ar  gas  in  the  deposition  chamber.4 
This  grain  structure  is  advantageous  for  the  reduction  ut  the 
media  noise,5  however,  it  is  important  to  control  the  grain 
size  of  the  magnetic  film  to  be  smaller  than  the  recorded  bit 
size.6,7  Moreover,  the  microscopically  smooth  media  surface 
is  preferable  to  keep  head-media  spacing  small. 

Pulsed  laser  deposition8-10  is  one  of  the  possible  tech¬ 
niques  to  fabricate  the  fine-grain  structure  since  the  film  can 
be  formed  in  a  vacuum.  It  has  been  also  reported  that  this 
method  is  suited  for  control  of  the  film  composition.  Thus, 
we  evaluated  the  laser  deposition  method  for  the  fabrication 
of  Co-alloy  thin-film  media.  There  are  several  works  con¬ 
cerning  this  method;  however,  little  is  known  of  the  magnetic 
and  crystallographic  properties  of  such  films. 

II.  EXPERIMENT 

Figure  1  shows  a  schematic  diagram  of  the  experimental 
deposition  apparatus.  The  pulsed  KrF  laser  with  wavelength 
of  248  nm  and  power  of  500  mJ/pulse  was  focused  by  the 
quartz  lens,  and  irradiated  at  an  incident  angle  of  45°  onto 
the  deposition  target  which  is  fixed  in  the  vacuum  chamber. 
The  irradiated  area  was  scanned  on  the  target  surface  to  pre¬ 
vent  local  ablation.  The  deposition  material  was  changed 
from  Cr  to  Co  alloy  within  10  s  by  rotating  the  water-cooled 
target  bolder.  A  Ni-P-plated  Al-Mg  or  Si  substrate  was 
placed  on  the  heating  block  which  faces  the  target  at  a  dis¬ 
tance  of  40  mm.  The  base  pressure  of  the  chamber  was 
3X10-4  Pa,  while  the  pressure  raised  to  3xlO-3  Pa  during 
the  substrate  heating  and  laser  ablation.  The  sputtered  Co- 
alloy/Cr  film  was  also  fabricated  using  the  conventional  dc 
magnetron  sputtering  apparatus  to  compare  the  film  proper¬ 
ties.  The  base  pressure  of  the  chamber  and  Ar  gas  pressure 
during  deposition  were  3X10-4  and  0.7  Pa.  The  composition 
of  the  Co-alloy  film  was  determined  by  inductively  coupled 


plasma  spectroscopy  (1CPS).  Magnetic  properties  were  mea¬ 
sured  by  a  vibrating  sample  magnetometer  with  a  maximum 
applied  field  13  kOe.  The  crystalline  structure  of  the  film  was 
analyzed  by  scanning  electron  microscope  (SEM)  observ 
tion,  x-ray  diffraction,  and  transmission  electron  microscopv 
(TEM)  micrograph. 


IH.  RESULTS  AND  DISCUSSION 

The  energy  density  of  the  laser  beam  on  the  target  sur¬ 
face  was  estimated  as  —10  J/cm2/pulse.  The  diameter  of  the 
deposition  area  where  the  relative  thickness  variation  is  less 
than  ±5%  was  17  mm.  This  shows  that  substrate  rotation  is 
necessary  to  obtain  a  uniform  film  thickness.  Maximum 
deposition  rate  of  the  Co-alloy  film  at  a  laser  repetition  rate 
10  Hz  was  0.012  nm/pulse.  The  time-average  deposition  rate, 
which  is  defined  by  using  the  laser  oscillation  time,  is  0.12 
nm/s,  which  is  defined  by  using  the  laser  oscillation  time,  is 
0.12  nm/s,  which  is  one  order  lower  than  the  conventional  dc 
magnetron  sputtering. 

SEM  photos  of  the  surface  structure  of  the  laser- 
deposited  and  sputtered  Co-Cr-Pt  (30  nm)/Cr  (50  nm)  films 
are  shown  in  Fig.  2.  The  surface  of  the  laser-deposited  film  is 
microscopically  smooth  and  no  crystalline  grain  is  observed, 
while  grains  of  average  diameter  30  nm  can  be  seen  for  the 


FIG.  1.  Schematic  diagram  of  the  experimental  laser  deposition  apparatus 
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(a)  100  nm  (b) 

FIG.  2.  SEM  photos  of  the  surface  structure  of  the  CoCrPt  (30  om)/Cr(50 
am)  film  deposited  at  250  °C:  (a)  laser  deposition,  (b)  sputter-deposition;  A i 
pressure:  0.7  Pa. 


sputtered  film.  The  flat  surface  of  the  laser-deposited  film  is 
probably  formed  owing  to  the  low  shadowing  effect  during 
the  laser  ablation. 

Th-  compositions  of  the  Co-alloy  films  and  correspond¬ 
ing  target  materials  are  shown  in  Table  I.  All  data  were  re¬ 
producible  and  no  local  variation  in  the  deposition  area  was 
observed.  The  relative  difference  between  the  film  and  target 
composition  is  less  than  5%  for  the  Co-Cr-Ta  alloy.  How¬ 
ever,  Cr  concentration  in  the  Co-Cr-Pt  film  is  relatively 
20%-30%  lower  than  the  target  composition.  The  decrease 
of  Cr  content  in  the  Co-Cr-Pt  film  might  be  due  to  the  vola¬ 
tilization  of  Cr  from  the  film  during  the  high-energy 
deposition.10 

Figure  3  shows  the  coercivities  for  the  laser-deposited 
Co/Cr,  Co-Cr-Ta/Cr,  and  Co-Cr-Pt/Cr  films  and  the  sputter- 
deposited  Co-Cr-Pt/Cr  film  formed  on  Si  substrate  at  a  tem¬ 
perature  of  250  “C.  The  coercivities  for  the  laser-deposited 
film  are  as  low  as  20-150  Oe,  which  are  roughly  one-fifth  of 
the  value  of  the  sputter-deposited  film.  The  coercivities  of 
the  laser-deposited  Co-Cr-Ta  and  Co-Cr-Pt  films  decrease  as 
the  Cr  content  in  the  films  increases.  Among  the  alloy  com¬ 
positions,  the  CoCr7Pt4  film  showed  the  highest  coercivity. 
Further,  the  coercivity  raised  up  to  220  Oe  by  using  Ni-P/ 
Al-Mg  as  the  substrate.  Figure  4  shows  the  saturated  flux 


TABLE  t.  The  composition  of  the  Co-alloy  films  and  corresponding  target 
materials.  The  values  in  parentheses  show  the  ratio  of  film  composition  to 
target  composition. 


Target  composition  (at.  %)  Film  composition  (at.  %) 


Co 

Cr 

Pt 

Ta 

Co 

Cr 

Pt 

Ta 

86.1 

9.90 

3.98 

85.9 

(1.00) 

10.1 

(1.02) 

4.02 

(1.01) 

82.1 

13.9 

3.99 

82.6 

(1.01) 

13.6 

(0.98) 

3.81 

(0.96) 

85.9 

10.1 

4.03 

88.4 

(1.03) 

7.28 

(0.72) 

4.25 

(1.05) 

81.0 

15.0 

4.02 

83.6 

(1.03) 

12.5 

(0.83) 

4.00 

(1.00) 

i 
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FIG.  3.  Coercivity  for  the  laser-deposited  films  and  the  sputter-deposited 
film  vs  the  time-average  deposition  rate.  Sputtering  A r  pressure:  0.7  Pa. 

density  B ,  for  the  same  samples  which  are  shown  in  Fig.  3. 
No  remarkable  change  in  the  B,  by  the  deposition  method  is 
observed. 

X-ray-diffraction  spectra  for  the  sputter-deposited  and 
laser-deposited  Co-alloy  films  formed  on  Si  substrates  with 
thickness  of  200  nm  are  shown  in  Fig.  5(a).  For  the  sputter- 
deposited  film,  a  strong  diffraction  peak  of  hep  Co(002)  and 
relatively  weak  diffraction  of  hep  Co(100),  Co(101),  and 
Co(110)  are  observed,  while  the  laser-deposited  films  for 
various  alloy  compositions  show  the  diffraction  peaks  of  fee 
Co(lll)  (</ul=0.2059  nm),  Co(200),  and  Co(220).  Weak 
diffraction  of  hep  Co(  100)  and  Co(  101 )  are  also  observed. 
Diffraction  spectra  for  the  Co-alloy(30  nm)/Cr(50  nm)  films 
are  shown  in  Fig.  5(b).  Diffraction  peaks  of  bcc  CrdlO)  and 
(200)  are  observed  for  the  sputter-deposited  film.  However, 
the  laser-deposited  films  show  no  diffraction  from  the  Cr 
underlayer,  and  a  broad  diffraction  peak  of  fee  Co(lll)  is 
observed  for  some  alloy  compositions.  The  diffraction  of 
laser-deposited  Co/Cr  film  could  not  be  indexed.  Figure  6 
shows  the  dark-field  image  of  a  TEM  micrograph  for  the 
laser-deposited  CoCr7Pt4  (fcc)/Cr  film.  The  crystalline  grain 
size  of  the  magnetic  film  is  as  small  as  10-20  nm.  The  vague 
diffraction  ring  is  attributed  to  the  poor  crystalline  orienta¬ 
tion  of  the  fine  grains.  The  low  coercivity  of  the  laser- 
deposited  films  is  probably  due  to  the  lack  of  the  hep  Co 
phase  which  is  essential  for  a  high  magnetic  anisotropy.  The 
fee  Co  of  the  high-temperature  phase  is  possibly  formed  by 
the  laser-depositing  atom  which  has  relatively  high  energy 
(—100  eV).'° 
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FIG.  4.  Saturation  flux  density  for  the  laser-deposited  films  and  the  sputter- 
deposited  film  vs  the  time-average  deposition  rate.  Sputtering  Ar  pressure: 
0.7  Pa. 
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FIG.  5.  X-ray-diffraction  patterns  for  the  sputter-deposited  and  laser- 
deposited  films:  (a)  Co-alloy  (200  iun)/Si,  (b)  Co  alloy  (30  nm!/Ctf50  tun)/ 
Si;  primary  k  ray:  Cul Car. 


IV.  CONCLUSIONS 

Properties  of  the  Co-alloy/Cr  films  deposited  using  KrF 
excimer  laser  ablation  arc  evaluated.  Tbe  film  surface  is  mi¬ 
croscopically  smooth  compared  to  the  sputtered  film.  This  is 
due  to  the  low  shadowing  effect  of  the  laser  deposition.  The 
composition  of  the  Co  alloy  is  reproducibly  controlled,  al¬ 
though  there  is  a  small  difference  between  the  film  and  the 
target.  The  coercivity  of  the  Co-Cr-Pt/Cr  film  is  as  low  as 
220  Oe  because  the  hep  Co  phase  is  not  formed  in  the  mag¬ 
netic  film. 


FIG.  6.  Dart-field  image  of  7EM  micrograph  for  the  laser-deposited 
CnCr,pT,!fcc)/Cr  film:  (al  plan-view,  (b)  cross-sectional  view. 
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Transverse  susceptibility  and  fsrromagnstic  resonance  of  HWJ 
metal-evaporated  tape 
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TYusverse  susceptibility  (TS)  and  ferromagnetic  resonance  absorption  (FMR)  are  measured  on 
commercially  available  metal-evaporated  video  tape  manufactured  by  the  continuous  varying 
incidence  method,  so  that  the  columns  are  inclined  at  an  angle  d*  with  respect  to  the  recording 
direction.  Due  to  the  demagnetization  of  the  tape  the  magnetization  vector  is  at  an  extrinsic 
inclination  angle  dal<djM  with  respect  to  the  recording  direction,  which  is  determined  to  be  24°  by 
analyzing  angular  remanence  curves.  The  results  of  TS  and  FMR  measurements  on  the  dependence 
of  the  angle  dy  between  applied  field  and  tape  normal  are  symmetrical  to  dN=dew.  In-plane  TS 
measurements  parallel  and  perpendicular  to  the  recording  direction  lead  to  HA  =  440  kA/m  and  an 
intrinsic  inclination  angle  ^=44°.  Using  these  values,  measured  and  calculated  resonance  field 
values  Hm  are  in  good  agreement  except  for  0°<  dv<50°.  The  analysis  of  Hm  in  the  vicinity  of 
dy=24°  leads  to  HA  =  640  kA/m  and  diM=37“.  Thus,  Stoner-Wohlfarth  behavior  with  lower 
anisotropy  field  strength  as  determined  perpendicular  to  the  preferential  axis  of  magnetization  is 
suggested.  In  contrast  to  TS  measurements,  no  results  can  be  found  that  fit  the  resonance  field  value 
both  parallel  and  perpendicular  to  the  film  normal. 


I.  INTRODUCTION 

Metal-evaporated  (ME)  recording  tape  is  one  of  the  most 
promising  magnetic  tapes  because  of  its  excellent  magnetic 
properties.  The  measurements  discussed  in  this  article  are 
performed  on  a  commercially  available  metal-evaporated 
video  tape,  Sony  Hi-8  metal-E.  This  tape  is  manufactured  by 
oblique  evaporation  of  CogoNiz)  in  oxygen  atmosphere  in  a 
roll-to-roll  coater.  As  a  result  of  the  continuous  varying  inci¬ 
dence  (CVI)  method  a  curved  columnar  microstructure  oc¬ 
curs:  The  columns  are  inclined  at  some  average  angle 
with  respect  to  the  recording  direction. 

The  transverse  susceptibility  (TS)  method  was  applied  in 
the  past  in  the  field  of  magnetic  recording1,2  as  well  as  to 
hard  magnetic  materials.3  All  measurements  were  performed 
cm  stacks  of  the  tape  material  using  an  experimental  setup 
described  earlier.3  Ferromagnetic  resonance  absorption 
(FMR)  measurements  have  been  carried  out  previously  using 
particle  assemblies  with  dominating  magnetocrystalline  an¬ 
isotropy  and  magnetic  recording  media.3'3  The  absorption 
spectra  are  obtained  using  a  cylindrical  Jtfou  microwave  cav¬ 
ity  with  stacks  of  tape  samples  placed  in  the  center  of  the 
cavity,  where  the  applied  static  magnetic  field  and  magnetic 
component  of  the  microwave  field  are  perpendicular.6 


H.  THEORY 

In  order  to  determine  the  theoretical  TS  and  FMR 
curves,  consider  the  coordinate  system  given  in  Fig.  1.  The  z 
axis  is  chosen  parallel  to  the  dc  bias  field  direction  perpen¬ 
dicular  to  which  there  is  an  additional  ac  excitation  field  Ht . 
Furthermore,  the  curved  anisotropy  axis  of  the  ME  tape  is 
approximated  as  a  straight  line  with  an  angle  to  the  re¬ 
cording  direction  and  defines  the  x-z  plane.  The  orientation 
of  the  film  plane  is  indicated  by  the  tape  normal  Nor  dw  and 
Vy,  respectively.  Characterizing  the  position  of  the  magne¬ 


tization  vector  by  d  and  tp  the  equilibrium  state  is  deter¬ 
mined  by  minimizing  the  free  energy  per  unit  volume  G, 

G//fi  =  -[sin  d  sin  d0  cos  <p+cos  d  cos  d0]2-2«  cos  d 
+  fi[sin  d  sin  d„  cos(y>-<pw)  +  cos  d  cos  d#]2, 

(1) 

normalized  by  the  first  order  anisotropy  constant  A, .  Abbre¬ 
viations  are  a-HIHA,  f3~MJHA  and  the  anisotropy  field 
strength  /fA=2Ai//*oAf,  ■  M,  is  the  saturation  magnetiza¬ 
tion  of  the  tape  taking  the  volumetric  packing  fraction  into 
account. 

For  the  determination  of  the  transverse  susceptibility  a 
perturbation  approach2,7  is  used,  with  the  additional  free- 
energy  density  in  the  excitation  field 

Ge/Ki  =  2ae  sin  d  cos(<p-p>,)  and  ae=HJHA .  (2) 

The  resonance  frequencies  for  the  elliptical  precession  mo¬ 
tion  of  the  magnetization  vector  around  its  equilibrium  posi- 


F1G.  1.  Coordinue  system:  The  crystallographic  easy  axis  (e.s.)  is  indicated 
by  a  dashed  line,  N  is  the  plane  normal  of  the  tape,  and  the  intrinsic  (ex¬ 
trinsic)  indmatioo  angle  d^tAn)  trith  respect  to  the  recording  direction 
(r.d.)  is  shown  in  the  inset 
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lion  ate  calculated8  and  the  natural  precession  frequency 
iu^,  ,  which  is  the  eigenfrequency  for  vanishing  applied  field, 
is  determined  to  be 

=  y(*oHA  v'cos2(  dm,~  d„,)  -  0  sin2  «ea 

x  -Jcos  2(diM-d„,)+£  cos  2d„„  (3) 

with  the  gyromagnetic  ratio  y  and  the  angles  and  de„ 
[see  Eq.  (4)  and  Fig.  1]. 

Analyzing  the  theoretical  results,  ME  tape  behaves  like  a 
single-domain  particle  with  an  effective  easy  axis  parallel  to 
the  equilibrium  orientation  of  the  magnetization  vector  in 
case  of  vanishing  bias  field.  Therefore,  the  angle  between 
recording  direction  and  effective  easy  axis  defines  the  extrin¬ 
sic  inclination  angle  deH.  Particularly,  the  magnetization 
vector  always  lies  in  the  plane  defined  by  H  and  the  effective 
easy  axis  represented  by  d„, ,  which  is  related  to  and  f} 
by 

(3  sin  2dexI=sin[2(diM-dtM)].  (4) 

111.  MEASUREMENTS  ON  METAL-EVAPORATED  TAPE 

A.  Transverse  susceptibility 

According  to  the  calculation  given  above,  the  two  sig¬ 
nificant  curves  for  the  TS  of  metal-evaporated  tape  are  the 
out-of-plane  measurement  parallel  to  dUI  and  the  in-plane 
measurement  perpendicular  to  the  recording  direction. 

In  the  out-of-plane  case,  the  easy  axis  as  well  as  the  bias 
field  is  oriented  perpendicular  to  the  excitation  field.  The 
coincidence  of  the  measuring  angle  with  can  be  con¬ 
firmed  by  the  largest  field  range  of  practically  constant  TS 
around  H=0  and  by  the  symmetry  of  the  measuring  results. 
For  the  ME  tape  investigated  here,  this  procedure  yields 
d„,=24”  in  accordance  with  the  results  of  the  angular  rema- 
nence  (AR)  measurement.9 

In  case  of  in-plane  measurement  perpendicular  to  the 
recording  direction,  the  easy  axis  and  the  excitation  field  are 
perpendicular  to  the  bias  field.  The  equilibrium  state  of  mag¬ 
netization  becomes  unstable  at  the  transition  into  saturation, 
which  is  indicated  by  a  theoretically  infinite  TS.  Whereas  in 
case  of  an  ellipsoid  of  revolution  with  coinciding  crystallo¬ 
graphic  and  rotational  axis  the  field  strength  Hp  at  this  point 
is  the  effective  anisotropy  field,10  it  now  depends  on  Af , ,  HA 
and  .  Since  the  relation  between  >3,  0mt ,  and  d„,  is  al¬ 
ready  known  [Eq.  (4)],  dmt  can  be  calculated  to  be 

*an  9M=(l+P!ap)lan  &cxt  with  ap=Hp/HA  .  (5) 

By  use  of  the  experimental  results  Hp= 320  k A/m  (Fig.  2), 
ffe„=24°  and  Af,=380  kA/m,11  is  evaluated  to  44°, 
corresponding  to  HA  =  440  kA/m.  If  HA  is  determined  using 
a  fit  to  the  curve  measured  parallel  to  the  recording 
direction,3  the  value  HA  0  obtained  is  about  5%  higher. 

B.  Fnrromngnnffc  ruonance 


acsuMHrbuw 


FIG.  2.  Results  of  the  in-plane  TS  measurement  perpendicular  to  the  record¬ 
ing  direction  for  the  ME  and  MP  tape. 


w><uMI  can  be  detected  if  the  external  magnetic  field  is  ap¬ 
plied  parallel  (perpendicular)  to  the  preferential  direction  of 
the  magnetization  vector.  Taking  into  account  the  demagne¬ 
tization  due  to  the  shape  of  the  magnetic  tape  and  an  incli¬ 
nation  angle  between  recording  direction  and  the  average 
crystal  c  axis,  similar  results  can  be  observed  by  only  con¬ 
sidering  the  external  inclination  angle  delI :  lowest  (highest) 
resonance  field  strength  occurs,  if  the  external  field  is  applied 
at  (den+90°)  with  respect  to  the  recording  direction. 

Figure  3  shows  measured  and  calculated  resonance  field 
strength  Hm(  dN)  of  metal-evaporated  tape  in  dependence 
on  the  angle  between  static  magnetic  field  and  film  normal. 
In  contrast  to  the  measurements  performed  by  Kohmoto  and 
Alexander,12  the  shift  of  the  maximum  resonance  field 
strength  Hk  to  angles  dN>0°  for  metal-evaporated  tape  is 
obvious.  The  external  inclination  angle  v>„,  is  determined  to 
be  24°  in  accordance  with  AR  and  TS  measurements.  Using 
dta=44”  and  HA  =  440  kA/m  as  obtained  by  the  TS  mea¬ 
surement  (fit  1  in  Fig.  3),  the  calculated  resonance  field 
strengths  are  in  good  agreement  with  the  experimental  re¬ 
sults  except  for  |dw-dcl,|<20°. 

In  order  to  fit  the  out-of-plane  measurements  nearly  per¬ 
pendicular  to  the  preferential  axis  of  magnetization,  the  an¬ 
isotropy  field  strength  is  determined  to  be  HA=  640  kA/m 
(fit  2  in  Fig.  3).  So,  the  intrinsic  inclination  angle  can  be 
calculated  to  be  /)„,,= 37°  comparable  to  results  of  Richter." 
Measured  and  calculated  curves  are  fitted  at  a  field  strength 
Hk=  1650  kA/m  high  above  the  switching  field  strength 
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Out-of-plane  resonance  spectra  varying  the  angle  &N  be¬ 
tween  static  magnetic  field  and  tape  normal  are  measured  at 
37/3  GHz.  Due  to  the  resonance  behavior  of  single-domain 
particles  the  lowest  (highest)  resonance  field  strength  for 


FIG.  3.  Measured  and  calculated  resonance  field  strength  Hm  foe  metal- 
evaporated  tape.  Using  HA= 440  kA/m  as  obtained  by  TS  measurements  (fit 
1),  typical  deviations  occur  for  orientations  nearly  perpendicular  to  the  ef¬ 
fective  easy  axis.  To  fit  these  resonance  field  values  HA- 640  kA/m  is  used 
(fit  2). 
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H„=HA[ cos  2(d„,-dtol)  +  0  cos  2deJ 
=  830  kA/m, 

so  that  incoherent  switching  behavior  does  not  influence  the 
detcnnination  of  the  anisotropy  field.  In  order  to  analyze  the 
switching  behavior  of  the  particles  the  measuring  frequency 
must  be  lowered  (ui<ui„t),  so  that  microwave  hysteresis  oc¬ 
curs.  Using  u)>atou  FMR  determines  the  anisotropy  field 
strength  considering  the  stiffness  of  the  magnetization  vector 
to  its  equilibrium  position.  The  explanations  due  to  the 
switching  behavior  and  due  to  the  stiffness  are  quite 
similar,  but  the  calculation  is  in  contradiction  to  the  experi¬ 
mental  results  for  |  dAr-d4M|>20°.  Maximum  resonance  field 
strength  Hh  considering  inclination  is  calculated  approxi¬ 
mately  to  be 

//*-7H^(dinl/rad-0.278),  (6) 

for  35°<  djn,<45°,  and  that  value  of  HA  yielding  delt=24°. 

C.  Comparison  to  measurement*  on  mstal-particle 
tape 

Since  in  case  of  an  ideally  textured  MP  tape  there  is  no 
inclination  angle  of  the  easy  axes  with  respect  to  the  film 
plane,  in-plane  measurements  of  the  TS  should  be  sufficient 
for  the  determination  of  the  magnetic  anisotropy.  For  the 
Sony  MP  tape  investigated  here,  the  measurement  perpen¬ 
dicular  to  the  recording  direction  yields  a  peak-field  value  of 
Hp- 380  kA/m  (Fig.  2)  whereas  HA0  is  evaluated  to  be  585 
kA/m.  According  to  the  FMR  measurements,  HA= 585 
kA/m  holds  for  the  MP  tape  for  all  orientation  angles  t)w, 
showing  no  deviations  as  mentioned  in  the  measurements  on 
ME  tape. 

IV.  CONCLUSIONS 

Considering  TS  measurement  a  misalignment  of  the  easy 
axes  influences  the  determination  of  HA  0  (Ref.  3)  but  not 
Hp ,  so  that  the  latter  value  is  regarded  as  the  real  effective 
anisotropy  field  HA.  Thus,  the  reasonable  agreement  be¬ 
tween  both  the  values  in  case  of  ME  tape  on  one  hand  indi¬ 
cates  a  very  good  orientational  texture,  on  the  other  hand  it 
shows  that  the  bond  of  the  magnetization  vector  to  the  equi¬ 
librium  position  can  be  described  by  the  Stoner-Wohlfarth 
theory.14  In  case  of  MP  tape  the  difference  of  about  50% 
corresponds  to  a  standard  deviation  of  about  30°  if  negligible 
inclination  of  the  particles  and  an  in-plane  Gaussian  distri¬ 
bution  function  is  assumed.  Since  in  this  case  the  coercivity 
as  well  as  the  remanence  of  the  out-of-plane  magnetization 


curve  perpendicular  to  the  recording  direction  should  vanish, 
which  is  not  the  case  in  practice,  the  consideration  of  a  tex¬ 
ture  function  with  an  out-of-plane  distribution  seems 
necessary.1  If,  therefore,  a  Gaussian  distribution  symmetrical 
to  the  recording  direction  is  assumed  at  a  rough  estimate,  the 
standard  deviation  amounts  to  22°  for  the  MP  tape  and  to  6° 
for  the  ME  tape.  The  latter  results  were  obtained  without 
considering  the  demagnetizing  effect  of  the  tape  which  in 
general  reduces  the  observed  inclination  angle.  Thus,  these 
standard  deviations  may  be  regarded  as  concerning  the  angle 
0exl,  whereas  the  correct  value  for  diM  should  be  higher. 

Looking  at  the  FMR  results  for  ME  tape,  the  deviation 
between  experiment  and  calculation  occurs  for  an  applied 
field  nearly  perpendicular  to  the  effective  easy  axis.  An  im¬ 
perfect  texture  cannot  affect  this  deviation,  because  misalign¬ 
ment  of  the  particles  causes  a  broader  resonance  spectrum, 
but  maximum  resonance  field  value  is  not  influenced.  Con¬ 
sidering  the  demagnetization  due  to  the  particle  shape  and  a 
volumetric  packing  fraction  less  than  1,  the  results  of  HA 
have  to  be  explained  as  the  effective  anisotropy  field  strength 
of  the  particles. 

In  contrast  to  the  results  performed  on  longitudinal  and 
perpendicular  recording  media  in  case  of  ME  tape  no  value 
of  anisotropy  field  strength  can  be  found  to  simultaneously 
fit  resonance  spectra  parallel  and  perpendicular  to  the  effec¬ 
tive  easy  axis.  Coherent  rotation  with  lower  anisotropy  field 
strength  as  determined  perpendicular  to  the  preferential  axis 
of  magnetization  is  suggested  to  be  a  valid  mechanism. 

Summarizing,  the  equilibrium  state  of  the  magnetization 
vector  can  be  described  as  predicted  by  Stoner  and 
Wohlfarth,14  whereas  these  results  do  not  necessarily  imply 
that  irreversible  switching  occurs  by  uniform  rotation. 
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Low-temperature  sputter  deposition  of  high-coercivity  Co-Cr  films 
for  perpendicular  recording 
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A  low-temperature  magnetron  sputter-deposition  method  for  Co-Cr  medium  has  been  developed. 
Films  of  17  wt  %  Cr-Co  were  deposited  to  a  thickness  of  100-200  nm  onto  glass  substrates  over  an 
extremely  wide  range  of  Ar  gas  pressures  at  room  temperature.  A  high  hep  c-axis  orientation  to  the 
film  normal  (Afl50<6°)  could  be  obtained  even  at  pressures  over  50  Pa  (375  mTorr)  when  the  films 
were  deposited  onto  a  well-oriented  c-axis  Ti  underlayer.  Co-Cr  films  with  a  perpendicular 
coerdvity  as  high  as  1000  Oe  with  an  anisotropy  field  of  5  kOe  were  obtained  at  extremely  high  Ar 
pressures;  e.g.,  70  Pa  (525  mTorr).  Scanning  electron  microscopy  observations  showed  that  the  films 
had  a  fine  columnar  structure  with  distinct  grain  boundaries  and  the  grain  size  was  dramatically 
reduced  with  the  introduction  of  the  Ti  underlayer.  It  was  determined  that  the  large  anisotropy  field 
for  the  Co-Cr  films  is  attributed  to  crystalline  anisotropy.  The  mechanism  of  magnetization  reversal 
in  the  films  is  suggested  to  be  rotational. 


I.  INTRODUCTION 

Co-Cr  films  have  been  extensively  investigated  as 
ultnhigh-density  recording  media.1-3  Such  films  require 
high  perpendicular  magnetic  anisotropy  and  high  coercivity. 
Sputter-deposited  Co-Cr  films  with  high  anisotropy  and  co¬ 
ercivity  have  been  thought  to  be  attainable  only  under  con¬ 
ditions  of  high  temperature  and  low  Ar  gas  pressure.4  These 
conditions,  however,  impose  difficulties  in  the  design  of  pro¬ 
duction  sputter  systems  for  hard  and  flexible  disk  media  and 
impose  heat  restrictions  upon  the  substrates  used.  To  avoid 
these  problems,  a  new  sputter-deposition  method  which  en¬ 
ables  low  discharge  voltage  and  low  temperature  for  Co-Cr 
medium  has  been  developed.  An  extremely  wide  range  of  Ar 
pressure  together  with  underlayer  effect  was  studied.  The 
microstructure  and  magnetic  properties  of  the  films  are  also 
investigated. 

II.  EXPERIMENT 

Films  were  deposited  by  dc  magnetron  sputtering  using 
3-in.-diam  targets.  A 17  wt  %  Cr-Co  alloy  target  was  used  for 
Co-Cr  films.  Sputter-deposited  Ti  was  used  as  the 
underlayer.5  The  target-substrate  separation  distance  was  55 
mm  and  the  input  power  was  200  W  for  all  cases.  All  depo¬ 
sitions  were  made  on  slide  glass  substrates.  The  thicknesses 
of  the  films  were  100  nm  for  the  Ti  underlayers  and  either 
100  or  200  nm  for  the  Co-Cr  films.  The  deposition  condition 
for  the  TI  underlayers  was  held  constant  at  Ar  pressure  of  0.2 
Pa  and  at  room  temperature.  These  conditions  assure  high 
c-axis  orientation  of  the  Ti  film.6  For  Co-Cr  depositions  the 
Ar  pressure  ranged  from  0.2  Pa  up  to  100  Pa  and  the  sub¬ 
strate  temperature  was  set  at  room  temperature  except  for  a 
reference  film  which  was  deposited  at  250  °C. 

Microstructure  of  the  Co-Cr  films  was  observed  by  a 
field-emission  scanning  electron  microscope  (FE  SEM)  for 
both  the  surface  and  the  fractured  cross  section.  Magnetic 
properties  of  the  films  were  measured  using  a  vibrating 
sample  magnetometer  (VSM).  The  perpendicular  anisotropy 


field  Hk(±)  for  the  films  was  evaluated  from  the  area 
bounded  by  the  initial  magnetization  curve  and  the  saturation 
level  in  the  first  quadrant  of  the  in-plane  M-H  curve.  The 
temperature  dependence  of  the  magnetic  properties  and  an¬ 
gular  dependence  of  the  coercivity  of  the  films  were  mea¬ 
sured  as  a  means  for  investigating  the  origin  of  the  magnetic 
anisotropy  and  the  magnetization  reversal  mechanism.  The 
hep  c-axis  orientation  of  the  films  was  evaluated  by  the  half¬ 
width  of  the  (002)  x-ray-diffraction  line  using  Cu/f  a  radia¬ 
tion. 

III.  RESULTS  AND  DISCUSSION 

A.  Ar  pressure  dependence  of  coercivity 

Figure  1  shows  the  Ar  pressure  dependence  of  perpen¬ 
dicular  coercivity  HC(X)  for  100-  and  200-nm-thick  Co-Cr 
films  deposited  at  room  temperature  onto  well-oriented  Ti 
underlayers.  For  Ar  pressures  greater  than  50  Pa,  the  dis¬ 
charge  voltage  is  reduced  to  as  low  as  300  V  as  compared  to 
500  V  for  Ar  pressure  of  0.2  Pa.5  Using  the  Ti  underlayer,  the 
c-axis  orientation  of  the  Co-Cr  films  was  improved  (Afi* 
less  than  6°)  even  at  the  highest  Ar  sputter  pressure.  The 
coercivity  is  very  low  at  low  Ar  pressures  as  noted  in  earlier 


SM4  J.  Appi,  Phyu.  7S  (10),  is  May  1904 


0021  -6679194/75(1 0)/5964/3/$6.00 


6 1994  American  Institute  of  Physics 


(»)  0  2P»  (b)10H  (c)50P« 


(d)  100P»  (e)  50P*.  w*bc«  saderlaycr 


FIG.  2.  SEM  observation  of  surface  and  cross  section  of  Co-Cr  films 
deposited  at  Ar  pressure  of  0  2- 100  Pa.  (e)  for  Ti  underlayer. 


reports.4’7  However,  at  pressures  above  5  Pa,  the  coercivity 
increased  significantly,  showing  a  maximum  value  ot  640  Oe 
for  the  200-nm-thick  films  and  1030  Oe  for  the  100-nm-thick 
films  at  around  30  and  70  Pa,  respectively.  (The  thickness 
dependence  of  coercivity  will  be  presented  elsewhere.)  The 
perpendicular  anisotropv  field  W,(l)  for  all  films  was  about 
5  kOe  regardless  of  coercivity,  as  shown  in  Fig.  1 .  The  Co-Cr 
films  deposited  without  the  Ti  underlayer  at  high  Ar  pres¬ 
sures  showed  an  increase  in  coercivity  up  to  600  Oe,  but  the 
films  had  low  crystal  orientation  and  low  perpendicular  an¬ 
isotropy  fields  less  than  2  kOe. 


A/  prwaure  JP»J 


FIG.  3.  Model  for  microstruclure  change  of  Co-Cr  film  with  Ar  pressure. 


layer,  especially  at  high  Ar  pressures  (around  50  Pa)  where 
the  reduction  is  evident  [compare  Fig.  2(c)  with  Fig.  2(e)]. 
The  grain  diameter  is  reduced  to  about  35  nm  from  about  60 
nm.  The  reduction  was  also  confirmed  by  an  atomic  force 
microscope  (AFM)  observation  of  the  film  surface.  Co-Cr 
depositions  at  these  Ar  pressures  with  the  Ti  underlayer  ex¬ 
hibit  a  fine-grained  columnar  structure  with  distinct  bound¬ 
aries. 

At  higher  Ar  pressures  (above  50  Pa),  a  reduction  in 
grain  size  with  Ar  pressure  was  observed  [Fig.  2(d)],  In  the 
Thornton  model,8  the  reduction  in  grain  size  is  shown  for 
low  substrate  temperatures  below  T/T„<0.1,  where  Tm  de¬ 
notes  the  melting  point  of  the  material.  However, 
T/Tm=0.16  for  the  Co-Cr  alloy  in  this  study,  wherein  the 
model  predicts  grain  size  growth.  The  deviation  from  Thorn¬ 
ton’s  model  may  be  explained  by  the  decrease  in  migration 
energy  for  the  deposited  atoms  due  to  collisions  with  M 
atoms  at  higher  Ar  pressures. 

The  microstmcture  change  with  Ar  pressure  is  summa¬ 
rized  in  Fig.  3  as  a  schematic  model  for  the  present  Co-Cr 
films  deposited  onto  the  Ti  underlayer  at  wide  Ar  pressure 
range  and  at  room  temperature. 


B.  Microstructure 

The  microstmcture  was  investigated  for  the  films  depos¬ 
ited  over  a  wide  Ar  pressure  range  onto  Ti  underlayers.  Fig¬ 
ure  2  shows  the  surface  and  fractured  cross  section  of  the 
Co-Cr  films  200  nm  thick  observed  by  SEM.  The  figure 
shows  that  at  low  Ar  pressures,  the  grains  are  small  with  faint 
grain  boundaries  [Fig.  2(a)],  A  transition  region  with  fine 
grains  is  observed  at  around  5  Pa  [Fig.  2(f)].  Then  at  about 
10  Pa  the  grains  become  larger  with  increasing  Ar  pressure 
up  to  50  Pa  [Figs.  2(b)  and  2(c)],  whereupon  a  columnar 
structure  with  distinct  grain  boundaries  is  observed.  The 
change  of  film  morphologies  is  recognized  as  corresponding 
to  the  transition  from  zone  T  to  zone  1  film  str'cture  as 
proposed  by  Thornton  for  thick  sputter-deposited  films.8'10  It 
is  also  clear  that  tne  grain  size  is  reduced  by  the  Ti  under- 


C.  Magnetic  properties 

The  M-H  loops  of  three  samples  listed  in  Table  1  are 
shown  in  Figs.  4(a)— 4(c).  Sample  no.  1  [Fig.  4(a)]  was  ore- 
pared  by  a  high-temperature  deposition  as  a  typical  conven¬ 
tional  Co-Cr  film  with  a  high  Hc( l).4  The  perpendicular  co¬ 
ercivity  of  sample  no.  2  [Fig.  4(b)]  is  very  small  in  spite  of 
the  large  perpendicular  anisotropy  field.  The  M-H  loop  in 
the  film  normal  shows  a  shoulder  which  suggests  that  the 
magnetization  reversal  of  the  fiim  occurs  primarily  by 
domain-wall  motion.1112  Sample  no.  3  [Fig.  4(c)]  has  almost 
the  same  anisotropy  field  as  sample  no.  2  but  exhibits  a  much 
higher  coercivity  [//<.(_(_)>  1000  Oe].  The  M-H  loops  are 
similar  to  those  of  sample  no.  1  [Fig.  4(a)]  suggesting  that 
the  magnetization  reversal  mechanism  is  rotational.11  The 
dispersion  of  the  crystal  orientation  of  sample  no.  3  is  as 


TABLE  1.  Sputtering  conditions  and  magnetic  properties  of  Co-Cr  films. 


Sample 

no. 

A i  press. 

(Pa) 

Temp. 

(°C) 

(nm) 

(deg) 

H  r 
(Oe) 

H, 

(kOe) 

M, 

(emu/cm3) 

1 

0.2 

2*0 

180 

3.9 

I860 

7 

550 

2 

0.2 

180 

4.3 

130 

4.8 

510 

3 

70 

25 

too 

5.8 

i030 

5 

550 
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FIG.  6.  Angular  dependence  of  He  for  Co-Cr  films  in  Table  I. 


FIG.  4.  M-H  loops  for  Co-Cr  films  in  Table  I. 

small  as  samples  no.  1  and  no.  2  indicating  that  the  large 
anisotropy  also  originates  from  crystalline  anisotropy. 

It  is  indicated  above  that  the  large  anisotropy  in  the 
Co-Cr  films  deposited  at  high  Ar  pressures  is  derived  from 
the  film  crystalline  anisotropy.  The  SEM  observation  in  Sec. 
HI  B,  however,  shows  these  films  to  have  a  fine  columnar 
structure  with  distinct  grain  boundaries.  This  structure  may 
also  induce  a  large  perpendicular  anisotropy  originating  from 
the  shape  anisotropy.  The  temperature  dependence  of  the  an¬ 
isotropy  field  was  measured  for  the  three  samples  and  is 
shown  in  Fig.  5  together  with  temperature  change  of  the 
saturation  magnetization  M,  for  each  sample.  The  tempera¬ 
ture  dependence  of  the  anisotropy  field  for  all  three  samples 
is  almost  the  same  and  is  larger  than  that  of  the  saturation 
magnetization.  These  results  suggest  that  shape  anisotropy 
does  not  contribute  to  the  overall  perpendicular  anisotropy 
for  these  films.  Note  that,  the  decrease  in  the  anisotropy  field 
for  no.  3  is  a  little  bit  larger  than  that  for  no.  2  in  which  the 
contribution  of  shape  anisotropy  is  negligible  judged  ffom  its 
dense  microstructure.  It  is  concluded  that  crystalline  anisot¬ 
ropy  is  the  main  contributor  to  perpendicular  anisotropy  for 
films  deposited  at  high  Ar  pressures. 

In  order  to  clarify  the  magnetization  reversal  mecha¬ 
nism,  the  angular  dependence  of  the  coercivity  of  the  films 
was  investigated.  The  dependence  for  sample  no.  3  qualita- 


Teiparatura  PC] 

FIG.  5.  Temperature  dependence  of  //*(!)  and  M,  for  films  in  Table  t. 


tively  agreed  with  that  for  sample  no.  1,  as  shown  in  Fig.  6. 
The  dependence  for  no.  2  is  entirely  different  from  the  other 
two  and  is  a  typical  curve  for  films  with  magnetization  re¬ 
versal  regulated  by  domain-wall  motions;  i.e.,  the  angular 
dependence  is  concave  near  90°.  By  contrast,  the  angular 
dependence  for  films  no.  1  and  no.  3  is  convex  at  around  90° 
indicating  the  reversal  to  be  regulated  by  a  rotation 
mechanism."13 

For  film  no.  3  the  rotation  magnetization  reversal  mecha¬ 
nism  and  the  observation  of  a  columnar  microstructure  with 
distinct  grain  boundaries  strongly  indicates  that  Co-Cr  films 
deposited  at  high  Ar  pressures  and  at  room  temperature  have 
magnetic  separation  between  the  grains.  The  magnetic  isola¬ 
tion  between  grains  could  also  be  responsible  for  high  coer¬ 
civity  of  the  films.  The  isolation  in  the  films  have  been  sup¬ 
ported  by  a  noise  level  decrease  in  the  Co-Cr  disk  medium 
prepared  at  a  high  Ar  pressure.14  The  Co-Cr  films  are  likely 
candidates  for  high-density  recording  media. 
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Improvement  of  anisotropy  of  perpendicular  magnetic  recording  tape 
by  Ta  addition  and  Kr  sputtering  gas  (abstract) 
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Tokyo  152,  Japan 

A  perpendicular  magnetic  recording  tape  requires  a  high  magnetic  anisotropy  field  Ht  and  a  small 
distribution  of  the  perpendicular  magnetic  anisotropy  field  It  can  be  expected  that  by  the 

extension  of  the  interplane  distance  of  (002)  plane  dl002)  in  Co-Cr,  a  perpendicular  magnetic 
anisotropy  energy  will  be  increased  and  Hk  becomes  higher.  It  can  be  also  expected  that  the  ahkIHk 
becomes  smaller  by  the  improvement  of  the  crystallinity  of  Co-Cr  film.  Therefore,  in  order  to 
achieve  the  above,  the  following  experiments  were  attempted.  At  first,  a  small  amount  of  Ta  was 
added  to  Co-Cr.  This,  as  a  result,  extended  the  dtam  of  the  Co-Cr  from  2.033  to  2.046  A. 
Consequently,  Hk  was  increased  from  4.4  to  5.1  kOe  and  olli/Hk  was  reduced  from  0.14  to  0.11. 
Second,  as  a  sputtering  gas,  Kr  gas  was  used  instead  of  At  gas.  The  use  of  Kr  resulted  in  greater 
crystallinity  in  the  film,  increasing  the  peak  intensity  f(0B2)  of  x-ray  diffraction  of  the  Co-Cr-Ta  from 
2090  to  2500  cps.  Consequently,  <rkk/H k  was  reduced  up  to  0.07.  Last,  a  recording  and  reproducing 
experiment  with  the  Co-Cr-Ta  tape  was  attempted  with  the  use  of  a  hilical-scan  VTR  machine.  As 
a  result,  a  reproduced  output  of  56  nVo_P  (pm  T  mis)  was  obtained  at  the  recording  wavelength  of 
0.33  pm.  This  figure  is  equivalent  to  the  output  at  the  recording  wavelength  of  0.66  pm  of 
metal-powder  tape. 


J.  Appl.  Phy».  75  (10),  15  May  1994 


0021-8979/94/75(10)/5967/1/*e.OO 


©  1994  American  Institute  of  Physics  5967 


Emerging  Hard  Magnets  Based  on  Interstitials 
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High  field  magnetization  measurements  of  Sm2Fe17,  Sm2Fe17N3,  Sm2Fe,7D5, 
and  Pr2Fe17,  Pr2Fe17N3  (invited) 
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We  report  high  magnetic  field  magnetization  measurements  of  the  ferromagnetic  compounds 
Sm2Fe17,  Sm2Fel7N3,  Sm2Fe17D5,  and  Pr2Fe17,  Pr2Fe17N3  performed  up  to  200  kOe  in  continuous 
field.  We  present  isothermal  magnetization  curves  measured  at  4.2  and  300  K  on  oriented  powder 
samples.  The  M(H)  curves  show  that  the  axial  anisotropy  fields  obtained  for  the  nitride  ate  larger 
than  those  previously  reported.  The  results  are  discussed  in  the  light  of  neutron  powder  diffraction 
data.  The  magnetic  anisotropy  constants  K,  and  K2  have  been  determined,  taking  into  account  the 
angular  distribution  of  the  grain  axis. 


I.  INTRODUCTION 

Since  the  discovery  of  Nd2Fe14B  in  1983,  the  search  for 
new  hard  magnetic  materials  has  turned  toward  iron-rich 
compounds.  Many  works  have  been  devoted  to  the  study  of 
the  effect  of  hydrogen  on  the  intrinsic  properties  of  interme- 
tallic  phases.  It  has  recently  been  found  that  hydrogen  is  not 
the  only  light  element  that  can  be  inserted  into  intermetallic 
compounds.  The  discovery  of  new  ternary  magnetic  materi¬ 
als  based  on  rare  earth  element-transition  metal  and  ’:°ht 
elements,  i.e.,  B,  C,  or  N  has  triggered  a  renewed  interest  in 
permanent  magnet  materials.  Among  the  new  phases  some 
have  previously  unknown  structures  such  as  Nd2Fe14B,u 
Y3Fe62Bl4,3  Nd2Fe23B3,'t  and  R^Fe^Si,5  whereas  others  can 
be  regarded  as  interstitial  compounds  whose  crystal  structure 
is  closely  related  to  that  of  a  binary  alloy:  ThFe„Cx,6 
R2Fe17C„7-8  R2Fe17H,,9  R2Fe17N,,10  R(FeM)12Nx ," 

R(FeM),2Cx ,  and  R(FeM)l2Hx12  compounds.  The  most  strik¬ 
ing  feature  of  these  new  interstitial  compounds  is  the  in¬ 
crease  of  Curie  temperature  (Tc)  above  that  of  the  parent 
material.  This  effect  is  remarkably  large  in  R2Fen,  where 
insertion  of  H,  C,  or  N  leads  to  an  increase  in  Tc  of  about 
200,  350,  and  400  °C,  respectively.  Much  attention  has  been 
paid  to  the  Sm2Fe,7Nx  and  Sm2Fe17Cx  phases  which  have 
both  an  easy  magnetization  direction  (EMD)  parallel  to  the  c 
axis  of  the  Th2Zn17  structure  and  a  substantial  anisotropy 
field.  These  two  features  make  these  compounds  promising 
candidates  for  permanent  magnet  applications.  The  conven¬ 
tional  figure  of  merit  used  to  compare  permanent  magnetic 
materials  is  the  energy  product  (BH)^,  which  is  propor¬ 
tional  to  the  maximum  energy  that  can  be  stored  by  the  mag¬ 
net  in  the  field  it  creates.  The  theoretical  maximum  energy 
product  is  (BH)m„=/i0Mf/4,  where  M,  is  the  saturation 
magnetization.  It  has  been  estimated  to  be  about  470  kJ/m3 


for  Sm2Fe17N27,  comparable  to  that  of  Nd2Fe,4B  (512 
kJ/m3).13  15  Sm2Fe17N27  offers  some  intrinsic  advantages 
such  as  a  higher  Curie  temperature:  477  °C  instead  of  312  °C 
for  Nd2FeI4B. 

In  addition,  R2Fe17Z,  compounds  (Z=H,  C,  or  N)  are 
interesting  from  the  fundamental  point  of  view  since  light 
element  insertion  allows  us  to  probe  the  physical  properties 
of  the  compounds.  Depending  on  the  location  of  the  intersti¬ 
tial  in  the  crystal  cell  and  its  specific  chemical  properties 
(size,  electronegativity,  etc.),  parameters  such  as  Curie  tem¬ 
perature,  crystal  electric  field,  magnetization,  or  magneto¬ 
crystalline  anisotropy  can  be  modified,  leading  to  better 
knowledge  of  the  magnetic  interactions  encountered  in  these 
structures. 

We  present  high  field  magnetization  measurements  per¬ 
formed  up  to  200  kOe  in  continuous  fields  on  Sm2Fe17, 
Sm2Fe)7N3,  Sm2Fei7D5,  and  on  Pr2Fe17,  Pr2Fe|7N3.  The 
magnetic  anisotropy  constants  fCt,  fC2  ate  determined  from 
the  isothermal  magnetization  curves  measured  parallel  and 
perpendicular  to  the  EMD.  The  intrinsic  magnetic  properties 
of  these  compounds  are  discussed  and  compared.  Emphasis 
is  put  on  the  influence  of  each  interstitial  element  on  the 
magnetocrystalline  anisotropy.  Results  are  discussed  in  light 
of  previous  neutron  powder  diffraction  study,  and  the  influ¬ 
ence  of  the  synthesis  route  on  the  properties  of  the  nitride  is 
also  discussed. 

11.  SAMPLE  PREPARATION 

The  starting  alloys  were  prepared  by  induction  melting 
in  a  cold  crucible  under  an  argon  atmosphere.  For  the  prepa¬ 
ration  of  Sm  2FeI7,  a  small  excess  of  Sm  was  added  in  order 
to  avoid  a-Fe  precipitation  in  the  subsequent  reactions  that 
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lead  to  the  hydride  or  nitride.  We  will  now  describe  the 
preparation  of  hydrides  and  nitrides,  respectively. 

The  main  route  that  has  been  used  to  prepare  these  in¬ 
sertion  compounds  is  a  solid-gas  reaction  where  the  starting 
alloy  is  ground  into  a  fine  powder.  The  reactions  have  been 
performed  at  pressures  ranging  from  1  to  10  bar.  Some 
samples  needed  a  thermal  activation  at  about  ISO  °C.  If  one 
disregards  surface  effects  the  hydrogenation  process  is  rather 
well  understood.  It  is  a  continuous  process  since  pressure- 
composition  isotherms  show  the  typical  solid  solution  shape 
with  no  absorption  plateau.16  Such  a  plateau  would  suggest 
the  existence  of  a  phase  separation  due  to  the  formation  of 
distinct  stoichiometric  phases.  Surface  effects  prevent  a  clear 
analysis  of  the  reaction  kinetics;  however,  a  rather  reliable 
picture  of  the  process  can  be  derived  from  the  lattice  param¬ 
eter  behavior  from  in-beam  hydrogenation  as  will  be  seen 
later.17  The  maximum  amount  of  absorbed  hydrogen  esti¬ 
mated  by  gravimetric  and  volumetric  methods  was  5  hydro¬ 
gen  atoms  per  formula  unit,  which  was  subsequently  con¬ 
firmed  by  structure  refinement. 

The  choice  of  nitrogen  as  a  prospective  interstitial  was 
initiated  by  Coey’s  group.  The  early  nitrogenation  attempts 
were  made  using  an  ammonia  flow  at  moderate  pressures 
(“I  bar).10  This  process  led  to  the  decomposition  of  ammo¬ 
nia  into  hydrogen  and  nitrogen  with  one  or  both  of  them 
being  absorbed  by  the  starting  alloy.  Later,  most  groups 
turned  to  nitrogen  gas  with  a  typical  reaction  temperature 
between  450  and  550  °C.  The  largest  nitrogen  concentration 
that  can  be  accommodated  in  these  compounds  is  3  N  atoms 
per  formula  unit.  It  is  now  established  that  the  Sm2Fe17  ni¬ 
trides  are  metastable  compounds  which  decompose  into 
SmN  ar.d  Fe  or  an  Fe  nitride  in  a  thermally  activated 
manner.18,16  For  this  reason  most  low  pressure  nitrogenation 
routes  lead  to  the  formation  of  these  ooercivity-hindering 
products,  because  the  reaction  temperature  has  to  be  raised  to 
values  close  to  that  of  the  decomposition  temperature.  The 
formation  of  iron  particles  during  the  process  must  be  pre¬ 
vented  since  soft  magnetic  extra  phases  can  act  as  nucleation 
sites  for  reverse  magnetic  domains  and  cause  a  decrease  in 
coercivity. 

We  recently  proposed  a  high  pressure  nitrogenation 
process20  that  permits  a  lower  reaction  temperature;  by  doing 
this,  the  diffusion  of  metal  atoms  and  the  disproportionation 
reaction  are  slowed  down.  This  leads  to  cleaner  samples  with 
almost  no  a-Fe  and  with  nitrogen  compositions  closer  to  3. 

The  reaction  kinetics  and  the  nitrogen  insertion  scheme 
are  a  matter  of  controversy.  It  has  to  be  known  whether  ni¬ 
trides  with  intermediate  compositions  are  stable  or  not.  In 
order  to  understand  the  nitrogenation  process,  a  sample  of 
Nd2Fe„  was  heated  under  a  constant  N2  gas  flow  at  normal 
pressure  in  the  beam  of  a  neutron  diffractometer  and  *he 
diffraction  patterns  were  recorded  as  a  function  of  the  reac¬ 
tion  time.18  This  study  showed  that  even  at  the  beginning  of 
the  reaction  the  nitrogenated  phase  is  highly  charged,  with  a 
composition  that  remains  constant  during  the  course  of  the 
reaction.  This  picture  is  supported  by  Kerr  microscopy  ex¬ 
periments  carried  out  by  Mukai  el  aLlx  Colucci  el  aL in 
a  microanalysis  study  of  the  nitrogenation  process  reached 
the  same  conclusion. 
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FIG.  I.  R2Fc,7  crystal  structure.  Large  and  small  circles  refer  to  rare-earth 
and  iron  atoms,  respectively.  Octahedral  and  tetrahedral  sites  are  labeled  1 
and  2.  respectively. 


III.  STRUCTURE 

A  significant  increase  of  the  unit  cell  volume  is  observed 
as  well  as  a  fairly  anisotropic  cell  expansion  which  takes 
place  in  the  basal  plane  rather  than  along  the  c  axis  of  the 
hexagonal  lattice.  Neutron  diffraction  experiments  have  lo¬ 
cated  H  and  N.9,26,27  Mainly  two  kinds  of  available  sites  have 
been  pointed  out.  rhe  larger  sites  are  six-coordinated  holes 
that  can  be  regarded  as  distorted  octahedra  with  four  iron 
atoms  and  two  rare  earth  atoms  at  the  comers  (Fig.  1).  Com¬ 
plete  filling  of  these  sites  corresponds  to  the  formulas 
R2FeI7H3  and  R2Fe)7N3,  respectively.  The  other  available 
sites  are  four-coordinated  sites  which  can  be  considered  as 
distorted  tetrahedra  with  two  iron  atoms  and  two  rare  earth 
atoms  at  the  comets.  The  latter  sites  can  b;  additionally  oc¬ 
cupied  by  hydrogen  but  not  nitrogen  giving  a  final  concen¬ 
tration  R2Fe17H5.  A  full  occupancy  of  these  sites  is  not  pos¬ 
sible  owing  to  steric  considerations  and  repulsion  criteria.  A 
time-resolved  neutron  diffraction  experiment  in  which  the 
in-beam  desorption17  of  a  hydride  was  followed  has  shown 
that  the  octahedral  sites  are  filled  first,  up  to  the  concentra¬ 
tion  R2Fe)7H3,  after  which  the  tetrahedral  sites  are  filled. 
This  filling  scheme  is  nicely  supported  by  the  lattice  param¬ 
eter  behavior  as  a  function  of  the  interstitial  concentration. 

An  important  structural  result  concerns  the  increase  of 
certain  interatomic  distances  induced  by  interstitial  insertion. 
These  distances  are  the  so-called  Fe-Fe  dumbbells,  which  are 
very  short  in  the  host  structure  and  are  relaxed  upon  intersti¬ 
tial  insertion.  The  relaxation  of  the  local  stressed  parts  of  the 
structure  is  believed  to  favor  positive  Fe-Fe  exchange 
interactions28  and  accounts  for  the  spectacular  increase  of  the 
Curie  temperature  that  is  observed  upon  insertion. 
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FIG.  2.  Sm:Fc..S ,  magnetization  curves  at  4.2  K.  Insen:  l/H 2  extrapola¬ 
tion. 


IV.  EXPERIMENT 

Magnetic  measurements  over  the  temperature  range  4.2- 
300  K  were  performed  using  an  automatic  system  provided 
with  a  cryostat  associated  with  a  calorimeter  and  described  in 
Ref.  26.  The  extraction  technique  was  used  to  measure  the 
magnetization  in  continuous  magnetic  fields  up  to  200  kOe 
produced  by  a  water-cooled  Sitter  magnet.  No  single  crystals 
are  available  due  to  the  high  temperature  instability  of  the 
nitrides.  Thus,  to  distinguish  between  the  easy  plane  and 
easy  axis  magnetocrystalline  anisotropy,  samples  were  made 
from  oriented  fine  powders  with  a  particle  size  smaller  than 
25  fim.  The  magnetic  field  was  applied  ek..cr  parallel  or 
perpendicular  to  the  alignment  direction.  The  powder  was 
aligned  at  room  temperature  using  an  orientation  field  of 
typically  10  kOe  and  fixed  in  epoxy  resin.  Magnetization 


Magnetic  Field  (  kOe  ) 


FIG.  3.  SojFepN,  magnetization  curves  at  300  K.  Insert:  UH1  extrapola¬ 
tion. 


FIG.  4.  Sm2FeITD;  magnetization  curves  at  4.2  and  300  K. 


isotherm  curves  M(H)  obtained  al  4.2  and  300  K  are  shown 
in  Figs.  2,  3,  4,  and  5  for  Sm2Fe17N3,  Sm2Fe17D5,  and 
Pr2Fei7N3  oriented  samples,  respectively.  The  experimental 
accuracy  is  estimated  to  be  ±2%.  The  Curie  temperature  of 
the  samples  was  determined  using  a  homemade  Faraday  type 
device;  the  powder  was  sealed  in  silica  tubes  to  avoid  out- 
gassing  and  oxidization  at  high  temperature. 

It  can  be  seen  that  all  the  -amples  exhibit  a  high  anisot¬ 
ropy.  In  a  field  higher  than  about  25  kOe,  no  hysteresis  was 
detected  when  applying  an  increasing  or  decreasing  field.  No 
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FIG.  5.  PrjFCjyNy  mag  irvcs  at  4.2  and  300  K_ 
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TABLE  1.  Relevant  magnetic  feavd  of  tee  mitiirrt  compounds. 


4.2  K 

300  K 

7, 

Wj 

*2 

M, 

*2 

(K) 

ijiBrtu) 

(MJ/m3) 

(MJ/m3) 

0dB/fu) 

(MJ/m  3) 

(MJ/n3) 

Sm2Fe,7 

385 

29.9 

-3.0±0.4 

lAKoi 

26.3 

-1.75  ±0.3 

|JC,|<0.05 

565 

34.9 

—  3.8  ±0.25 

0.55  ±0.3 

31.5 

-2. 80  ±0.2 

0.55  ±0.2 

755 

40.5 

10.8  ±0.4 

-4.1  ±0.4 

37.8 

10.4  ±0.4 

-5±1 

Pr2Fe17 

293 

35.2 

-3.7  ±0.3 

0.55  ±0.1 

16.6* 

fh;Fc,7N, 

731 

38.5 

-4.5  ±0.5 

0.8  ±0.3 

36 

-4.0  ±0.5 

0.5  ±0.2 

•Values  in  applied  field  of  20  kOe. 


change  was  found  in  any  of  our  M(H)  curves  when  the 
cooling  of  the  sample  was  made  in  the  maximum  field  or 
without  field.  All  the  compounds  display  basal  plane  anisot¬ 
ropy,  mainly  determined  by  the  Fe-sublattice  anisotropy,  ex¬ 
cept  for  Sm2Fe,7N3  where  uniaxial  anisotropy  was  found 
over  the  entire  ferromagnetic  temperature  range.  At  4.2  K  the 
high  field  measurements  on  Sm2Fe,7N3  show  that  even  in 
200  kOe,  the  saturation  magnetization  is  not  achieved,  al¬ 
though  the  anisotropy  field  is  around  200  kOe  at  room  tem¬ 
perature  (Figs.  2  and  3). 

V.  DATA  ANALYSIS 

We  discuss  first  the  law  of  approach  to  saturation.  In 
magnetic  fields  above  40  kOe  the  magnetization  curves  were 
found  to  be  fitted  by  with  a  goodness  of 

fit  better  than  0.998.  In  Table  I  are  repotted  the  values  of  M , 
per  mole  deduced  from  extrapolation  of  the  M (H)  curves 
with  H  parallel  to  the  alignment  direction.  The  values  of  the 
Curie  temperature  have  been  listed  as  well.  Nitrogenation  or 
hydrogenation  lead  to  a  strong  enhancement  of  the  saturation 
magnetization  and  »  large  increase  of  the  Curie  temperature. 
This  behavior  originates  from  the  crystal  lattice  expansion  as 
discussed  in  previously  published  papers. 

The  magncic  nisotropy  is  the  only  parameter  whict 
affects  the  magnetization  curve  through  a  l/H2  term  for  an' 
crystal  symmetry.  Since  in  high  fields  domain  wall  pnersac* 
are  no  longer  acthe,  any  change  in  M(H)  results  from  a 
rotation  of  the  magnetic  moment. 

Iron  particles  in  the  R2Fe17N3  phase  should  result  in  a 
linear  dependence  of  the  magnetization  with  applied  field 
which  is  a  characteristic  of  the  presence  of  a  soft  magnetic 
material.  The  good  agreement  with  the  l/H2  saturation  law 
(see  the  insert  in  Figs.  2  and  3)  unambiguously  witnesses  the 
almost  complete  absence  of  elemental  iron  panicles. 

The  determination  of  anisotropy  constants  Kj  from  mag¬ 
netization  curves  of  polycrystalline  samples  is  not  straight¬ 
forward  because  imperfect  alignment  leads  to  erroneous  val¬ 
ues.  It  is  quite  difficult  to  deduce  Kj  even  from  the  most 
general  law  of  approach  to  saturation  proposed  by  Neel*’ 

=  (1) 

because  of  the  lack  of  explicit  relationship  between  a:  and 
Kj  ,30  In  order  to  obtain  accurate  values  of  Kj  from  magne¬ 
tization  curves  of  partially  oriented  samples  we  start  from  the 


model  proposed  in  Ref.  31  applied  to  Nd-Fe-B.  The  free 
energy  of  a  single  particle,  i.e.,  a  small  single  crystal,  is 
given  by 

Et=K,  sin2  0+K2  sin4  0-MJi  cos<0-  0),  (2) 

where  0  is  the  angle  between  the  c  axis  and  the  magnetiza¬ 
tion  MJ  and  0  is  the  angle  between  the  magnetic  field  H  and 
the  c  axis.  The  first  two  terms  represent  the  magnetocrystal¬ 
line  anisotropy  for  uniaxial  crystals  (anisotropy  constants  of 
higher  order  than  K2  were  neglected).  The  magnetization  re¬ 
solved  along  the  H  direction  is 

cos[0-O(0,AA)].  (3) 

Therefore  we  can  obtain  M(H)  if  we  know  the  distribution 
/(0)  which  gives  the  probability  that  the  angle  between  the 
EMD  of  a  particular  grain  and  the  field  H  is  equal  to  0. 

It  seems  reasonable  to  assume  that  the  distribution  of  the 
EMD  is  a  Gaussian  function  around  the  direction  of  the 
aligning  field.  To  facilitate  the  numerical  calculations,  the 
distribution  used  was  40%  of  the  grains  for  which  <f>~  0,  28% 
(0=5°),  18%  (0=10°),  9%,  (0=15°),  3%  (0=20°),  and  1% 
(0=25°).  Within  this  approximation  the  component  of  the 
magnetization  parallel  to  H  at  a  given  temperature  can  be 
expressed  by 

1  * 

(4) 

i*  t 

where  the  summation  covers  all  N  magnetic  grains.  For  each 
set  of  parameters  (Ms ,  AC, ,  AC2 ,  <t>i ,  and  H)  the  equilibrium 
angle  is  deduced  by  minimizing  the  free  energy.  Using  Ms 
and  4>i  values  extracted  from  the  approach  to  saturation  and 
the  Gaussian  distribution,  respectively,  AC,,  K2,  and  0  were 
refined  to  fit  the  observed  M(H)  curve  in  the  range  30-200 
kOe  from 

2 AC,  sin  0  cos  0+4K2  sin3  0  cos  0 

"=— — £7 — 1 - •  <5> 

--^2  sin(0-0j) 

i=  1 

In  this  procedure  AC,  and  K2  were  assumed  to  be  field  inde¬ 
pendent.  Since  for  each  studied  compound,  the  values  of  M, 
were  found  to  be  equal  for  both  alignment  directions,  no 
anisotropy  of  M ,  was  taken  into  account. 

A  good  control  of  the  above  distribution  was  obtained 
from  the  study  of  a  magnetically  aligned  resin-bonded 
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anisotropy  in  comparison  with  Pr;Fe„.  This  demonstrates 
that  N  atoms  increase  the  crystal  electric  field  acting  on  the 
rare  earth  site. 

Since  Sm2Fel7N)  offers  a  unique  combination  of  high 
Tc,  strong  uniaxial  anisotropy  with  little  temperature  depen¬ 
dence  and  large  re  mane  nee,  Fig.  6  shows  half  of  the  hyster¬ 
esis  cycle  measured  at  4.2  K  for  the  parallel  one  rued  powder. 
A  very  respectable  saturation  magnetization  of  tij* % 

T  is  obtained  above  about  IS  IcOe;  this  corresponds  to  a 
theoretical  maximum  energy  product  jioAff/4  of  490  ld/m\ 
The  remanent  magnetization  and  the  coercive  field  are  found 
equal  to  0.9S  T  and  2.1  kOe,  respectively.  The  observed 
cycle  corresponds  to  an  estimated  value  of  of  5 

MG  Oe.  This  result  is  much  smaller  than  previous  determi¬ 
nations,  but  note  that  this  is  the  hysteresis  loop  of  untreated 
particles:  no  particular  mechanical  or  thermal  treatments 
were  applied  after  the  orientation  of  the  grains  to  improve 
ooercivity. 

VI.  DISCUSSION 

Our  contribution  is  mainly  experimental,  but  some  theo- 
Gd2Fe17  powder  sample,  measured  perpendicular  to  the  retical  approach  has  recently  arisen.  The  electronic  structure 
alignment  direction  at  4.2  and  300  K.  A  satisfactory  fit  (bet-  calculation  performed  by  Jaswal36  on  R2Fet7Nx  has  shown 

ter  than  3%)  to  the  magnetization  curve  in  the  30-200  kOe  that  the  tremendous  increase  of  the  Curie  temperature  can  be 

range  was  obtained  using  the  parameters  Af,=0.955T,  understood  theoretically  using  the  spin  fluctuation  theory.37 

Afi  =  -(2.0±0.1)MI/m3,  AT2=-(0.1±0.05)MJ/m3  in  reason-  According  to  Jaswal,  an  increase  in  the  magnetization  and  a 

able  agreement  with  a  single  crystal  determination  for  substantial  decrease  in  the  density  of  states  for  the  up  (ma- 

Gd2Fe,7:M  K1  =  -(2.8±0.1)MJ/m3,  X2=(0.14±0.05)MJ/m3  jority)  spin  are  responsible  for  the  Tc  improvement.  The 

or  for  Y2FeI7:  K,  =  -2.3  MJ/in3,  Jf2  =  -0.1 1  MJ/m3.33  Be-  increase  in  magnetization  as  well  as  Tc  are  mainly  due  to  the 

low  30  kOe  the  magnetization  process  is  dominated  by  do-  cell  expansion  that  occurs  upon  inserting  light  elements  lead- 

main  wall  motion  rather  than  by  homogeneous  rotation  of  ing  to  a  narrowing  of  the  F e-d  band  due  to  a  reduction  in 

magnetization  as  included  in  this  model.  overlap.  This  is  a  pure  steric  effect  that  is  observed  for  C,  N, 

The  intrinsic  magnetic  properties  and  the  deduced  an-  as  well  as  H.  This  is  not  the  only  effect  of  the  interstitial  on 

isotropy  constants  are  summarized  in  Thble  I  for  the  studied  the  magnetic  properties.  It  has  been  shown20  that  the  mo- 

samples.  Introduction  of  interstitial  atoms  produces  a  large  ments  carried  by  the  iron  near  neighbors  of  N  are  signifi- 

increase  in  Tc :  more  than  400  K  for  Pr2Fe17N3  but  limited  to  cantly  lower  than  those  on  the  other  iron  sites.  This  was 

200  K  in  the  hydride.  The  second  salient  feature  is  that  while  confirmed  by  band  structure  calculation3638  and  interpreted 

Sm2Fe17N3  presents  a  strong  uniaxial  anisotropy,  Sm2FeI7D5  at  the  light  of  strong  hybridization  between  the  Fe  and  N 

shows  in-plane  anisotropy  at  4.2  and  300  K.  Our  results  on  electronic  state.20  This  feature  has  been  also  observed  on 

Sm2FeI7N3  can  be  compared  to  those  of  Katter  et  at. 34  ob-  R2Fe17  carbides.39 

tained  at  293  K.  The  values  of  the  room  temperature  mag-  The  influence  of  interstitial  elements  on  the  physical 

netic  polarization  1.57  T  are  in  good  agreement;  in  contrast  properties  of  R2Fe17N3  can  be  divided  into  two  classes, 
the  anisotropy  constants  are  rather  different:  a  value  of  Ki  (a)  That  induced  by  the  volume  expansion  of  the  unit 

20%  higher,  and  a  large  negative  value  for  K2-  We  suggest  cell,  such  as  the  increase  of  Curie  temperature  and  magneti- 

that  in  our  compounds  the  nitrogen  uptake  attains  its  maxi-  zation.  These  consequences  of  the  interstitial  insertion  have 

mum  value,  which  explains  these  large  differences  in  AT, .  steric  origin  and  are  not  dependent  on  the  chemical  nature  of 

This  point  of  view  is  confirmed  by  the  high  Tc  value  of  our  the  interstitials  but  only  on  their  size, 

samples.  (b)  That  related  to  the  nature  of  the  interstitial  itself,  such 

At  4.2  K,  the  anisotropy  constants  and  consequently  the  as  the  magnetocrystalline  anisotropy.  We  have  shown  that 

anisotropy  fields  are  nearly  the  same  in  Sm2FeI7  and  insertion  of  H  and  N  have  opposite  effects  on  the  anisotropy 

Sm2Fe17D5,  the  planar  anisotropy  of  the  hydride  being  of  the  rare-earth  site.  As  discussed  above,  C  or  N  have  also  a 

slightly  lower.  This  effect  is  explained  as  the  result  of  a  ten-  local  effect  on  the  magnetism.  Forming  strong  bonds  with 

dency  of  hydrogen  to  decrease  the  anisotropy  of  the  rare  their  iron  near  neighbors,  these  light  elements  tend  to  limit 

earth  as  supported  by  Mossbauer  experiments  performed  on  the  size  of  the  magnetic  moment  carried  by  their  iron  near 

Gr^FenDj  compounds.33  Note  that,  to  our  knowledge,  this  is  neighbors.  This  effect  is  also  dependent  upon  the  nature  of 

the  first  determination  of  AT,  for  Sm2Fe17  hydrides.  For  the  interstitial  and  has  not  been  observed  with  hydrogen. 

Pr2Fe]7  as  the  Curie  temperature  is  at  room  temperature  and  Our  study  shows  that  the  energy  product,  the  saturation 

no  anisotropy  was  observed.  The  anisotropy  constants  ob-  magnetization,  and  the  remanence  of  the  interstitial  com- 

tained  for  Pr2Fe17N3  reveal  an  enhancement  of  the  planar  pounds  are  comparable  to  those  of  the  Nd-Fe-B  compounds. 


FIG.  6.  SEDbFe{7Nj  hysteresis  loop  at  4.2  K. 
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The  SmjFe,^  samples  have  intrinsic  advantages  such  as  a 
higher  Curie  temperature  755  K  instead  of  593  K  and  a  large 
anisotropy  field  at  loom  temperature.  Until  now,  the  forma¬ 
tion  of  iron  particles  during  the  nitroge  nation  process  of 
R2Fen  was  a  significant  drawback,  decreasing  the  coerdvity. 
The  use  of  a  high  pressure  synthesis  technique  overcomes 
these  difficulties,  producing  iron-free  Sm^Fe^Nj  com¬ 
pounds.  Several  studies  have  been  undertaken  in  order  to 
improve  the  coercive  field  of  the  Sm^Fe,,  nitrides. 

Using  mechanical  alloying  and  a  subsequent  heat  treat¬ 
ment,  Schnitzke  el  aL*°  have  obtained  coercive  field  up  to  30 
kOe  for  isotropic  microcrystalline  Sm2Fr17N_27. 

A  similar  treatment  has  been  applied  to  Sm2Fe17C, 
compounds41  but  the  coercivity  and  remanence  at  room  tem¬ 
perature  were  20%  lower  than  that  of  the  nitride. 

Nitriding  the  Sm2Fe]7  samples  obtained  by  hydro- 
genation-decompositioo-desorptioa-recombiiiation, 

Takeshi ta  a  air2  obtained  an  intrinsic  coercivity  of  8.2  kOe 
and  a  (BH)M  of  14  MG  Oe. 

The  synthesis  of  metal  bonded  Sm2Fe17N,  type 
magnets43-44  to  improve  coercivity.  Using  low-melting  metals 
(Zn,  Bi,  Sn,  In,  or  Al)  as  binder  increases  the  coercive  field. 
The  best  results  were  found  for  Zn.  Such  a  treatment  has  led 
to  a  coercivity  of  6  kOe  in  Ref.  44  whereas  Huang  et  aL*3 
obtained  10  -17  kOe. 

Kuhrt  et  aL 43,46  have  shown  that  the  application  of  pres¬ 
sure  can  improve  the  synthesis  of  Zn  bonded  Sm2Fe17N, , 
favoring  Zn  diffusion  along  the  grain  boundaries  and  opti¬ 
mizing  the  formation  of  the  intergranular  paramagnetic  phase 
Zn7Fe3.  They  obtained  a  coercive  field  of  ~44  kOe  for  their 
mechanically  alloyed  samples  and  about  21  kOe  for  melt- 
spun  samples. 
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The  Mossbauer  spectra  of  Sm2Fe17  and  Hc^Fc^  and  their  nitrides  have  been  measured  between  295 
and  85  K  and  analyzed  with  a  model  which  is  consistent  with  our  earlier  work  on  R2Fen  and 
R2Fe,7Nx  compounds,  where  R  is  Pr,  Nd,  and  Th.  This  model  is  completely  consistent  throughout 
these  rare-earth  compounds  and  is  in  agreement  with  the  crystallographic  changes  occurring  upon 
nitrogenation  and  with  the  prediction  of  band  structure  calculations.  The  dramatic  increase  in  Curie 
temperature  in  the  nitrides  results  from  the  expansion  of  the  crystallographic  lattice,  an  expansion 
which  is  mainly  centered  on  the  9 d  and  188  iron  sites  as  is  indicated  by  the  increase  of  their 
Wigner-Seitz  cell  volumes  upon  nitrogenation.  The  9 d  and  1 88  sites  show  a  larger  enhancement 
of  their  byperfine  fields  as  compared  to  the  6c  and  18/  sites  as  a  result  of  improved  ferromagnetic 
exchange  between  these  sites  and  their  near  neighbors  because  of  the  lattice  expansion  and  the 
consequent  reduced  iron  3d-iron  3 d  overlap. 


The  R2Fe,7  compounds,  where  R  is  Pr,  Nd,  Sm,  and  Th, 
crystallize  in  the  rhombohedral  Th2Zn17  structure1  in  which 
iron  occupies  four  inequivalent  crystallographic  sites.  Coey 
et  al.2'3  have  shown  that  nitrogenation  of  these  compounds 
induces  a  large  lattice  expansion  and  an  —400°  increase  in 
Curie  temperature.  We  have  recently  analyzed  the  Mossbauer 
spectra  of  Nd2Fe17,  Pr2Fe]7,  and  Th2Fe17,  and  their  nitrides 
with  a  model4-6  based  on  the  Wigner-Seitz  cell  volume.  In 
this  paper,  we  extend  this  analysis  to  Sm2Fel7  and  Ho2Fe,7 
and  their  nitrides,  and  show  that  this  model  is  consistent 
throughout  the  rare  earths  studied  and  is  in  agreement  with 
both  the  crystallographic  changes  occurring  upon  nitrogena¬ 
tion  and  band  structure  calculations.7  10 

The  samples  were  prepared11  and  their  spectra  were 
measured  and  fit4  as  described  previously.  Between  2%  and 
1%  of  a- iron  was  found  in  the  spectra  of  the  R2Fe17  com¬ 
pounds  and  between  5%  and  20%  of  a  nitrided  iron  phase 
was  found  in  the  R2Fe17Nx  compounds.  The  isomer  shifts  are 
given  relative  to  or-iron  and  the  estimated  errors  are  at  most 
±0.5  kOe  for  the  hyperfine  fields,  ±0.005  mm/s  for  the  iso¬ 
mer  shifts,  and  ±0.01  mrn/s  for  the  quadrupole  shifts. 

Figure  1  shows  the  85  K  Mossbauer  spectra  of 
R2Fel7Nx ,  where  R  is  Pr,  Nd,  Sm,  and  Ho.  More  extensive 
Mossbauer  spectra  have  been  published  elsewhere.4-6  Be¬ 
cause  the  magnetization3  is  oriented  along  [001]  in 
Sm2Fe17Nx,  in  the  basal  plane  along  [100]  in  Sm2Fe17, 
Nd2Fe17,  HojFen,  Nd2FeI7Nx,  and  Ho2Fe17Nx,  along  [010] 
in  Pr2Fei7,  Pr2Fe17Nx ,  and  Th2Fe17,  or  along  a  general  direc¬ 
tion  in  Th2Fe17Nx ,  the  Mossbauer  spectra  are  analyzed  with 
four,  seven,  or  ten  sextets  representing  the  resulting  in¬ 
equivalent  magnetic  sites.  In  order  to  both  reduce  the  number 
of  adjustable  parameters  and  to  obtain  a  physically  meaning¬ 
ful  fit,  we  used  the  following  constraints  which  are  more 
restrictive  than  those  used  by  other  authors.13'12"14  One  line- 
width  was  used  for  all  lines  in  a  given  spectrum,  the  relative 
areas  of  the  magnetically  inequivalent  iron  sites  were  con¬ 
strained  equal  to  their  relative  crystallographic  and  magnetic 


degeneracies,  and  the  isomer  shifts  were  constrained  equal 
for  the  two  or  three  magnetically  inequivalent  sites  originat¬ 
ing  from  the  same  crystallographic  site.  The  linewidths  of  all 
the  spectra  discussed  in  this  paper  are  in  the  range  of  0.25- 
0.28  mm/s.  As  a  result  of  these  narrow  linewidths  we  ob¬ 
serve  more  highly  resolved  spectra,  an  improvement  which 
permits  a  more  detailed  spectral  analysis,  but  places  tighter 
restrictions  on  the  model  and  the  resulting  hyperfine  param¬ 
eters. 

In  order  to  check  the  validity  of  our  analysis  for 
Sm2Fe17Nx ,  which  shows  uniaxial  anisotropy,  and  to  extend 
our  work  through  the  rare-earth  series,  we  have  extended 
earlier  work12-14  on  Sm2Fe17  and  Sm2Fe17Nx  and  analyzed 
the  data  as  discussed4-6  for  the  other  R2Fe17  compounds.  The 
experimental  results  are  similar  to  the  earlier  work  but  show 
linewidths  of  —0.26  mm/s,  a  value  which  is  substantially 
smaller  than  the  values  found  by  Hu  and  Coey14  for 
Sm2Fel7,  or  by  Chen  era/.13  for  Sm2Fe17  and  Sm2Fe17Nx. 
The  85  K  spectrum  of  Sm2Fe,7Nx  is  shown  in  Fig.  1  and  the 
byperfine  parameters  of  Sm2Fel7  and  Sm2Fe17Nx,  obtained 
at  several  temperatures,  are  given  in  Tables  I  and  II. 

The  assignment  of  the  sextets  to  the  different  crystallo¬ 
graphic  sites  is  based  first  upon  the  relative  areas  and  then, 
for  the  18/  and  188  sextets,  is  based  upon  their  isomer 
shifts,  hyperfine  fields,  and  Wigner-Seitz  cell  volumes.  In 
general,  the  larger  the  Wigner-Seitz  cell  volume  of  a  site,  the 
larger  its  isomer  shift.  Further,  the  larger  the  number  of  iron 
near  neighbors  for  a  site,  the  larger  its  hyperfine  field.  Figure 
2  shows  the  85  K  isomer  shifts  in  Sm2Fe,7  and  Sm2Fe17Nx 
versus  the  Wigner-Seitz  cell  volumes  for  the  four  crystallo¬ 
graphic  sites.1,15-17  This  figure  illustrates  both  the  above- 
mentioned  correlation  and  the  effect  of  nitrogenation  upon 
the  isomer  shifts.  All  four  isomer  shifts  increase  upon  nitro¬ 
genation,  the  6c  and  9 d  because  of  the  lattice  and  Wigner- 
Seitz  cell  expansion,  the  18/  because  of  the  presence  of  a 
nitrogen  near  neighbor,  and  the  188  because  of  both  the 
Wigner-Seitz  cell  expansion  and  the  presence  of  a  nitrogen 
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FIG.  1.  The  Mossbauer  effect  spectra  of  several  R2Fe17Nr  compounds  ob¬ 
tained  at  85  K. 


TABLE  1!.  Mossbauer  spectral  hyperftoe  parameters  for  Sm2Fc,,Nit) 


r.  k 

6c 

9d 

IHf 

184 

Wt.  a vc 

H, 

85 

413 

395 

355 

311 

353 

(kOe) 

155 

411 

395 

354 

310 

352 

225 

407 

392 

349 

306 

348 

295 

394 

378 

337 

297 

337 

4* 

83 

0.285 

0.045 

0.144 

0.215 

0.168 

(mm's) 

155 

0.255 

0.030 

0.130 

0.210 

0.155 

225 

0.230 

-0.010 

0.100 

0.180 

0.124 

295 

0.160 

-0.070 

0.040 

0.120 

0.063 

os,6 

85 

-0.09 

-0.02 

0.44 

-0.21 

(mra/s) 

155 

-0.09 

-0.02 

0.44 

-0.21 

225 

-0.09 

-0.02 

0.41 

-0.21 

295 

-0.07 

-0.02 

0.35 

-0.21 

•Relative  to  room  temperature  a- iron. 

'The  OS  values  are  the  quadrupole  shift  except  for  6c  site  for  which  it  is  the 
quadrupole  splitting  for  a  $  value  of  0°. 


near  neighbor.  Very  similar  plots  have  been  obtained  for  the 
other  rare-earths  compounds.4"6  Figure  3  shows  the  85  K 
isomer  shifts  in  R2Fei7  and  R2Fe,7Nx .  The  smooth  variation 
of  the  isomer  shifts,  and  their  increase  upon  nitrogenation, 
for  the  different  rare-earth  compounds  strongly  support  the 
model  and  our  assignment  of  the  sextets. 

Figure  4  shows  the  85  K  weighted  average  hyperfine 
fields  in  R2Fe17  and  R2Fe,7Nx  for  the  different  rare-earth 
compounds  and  reveals  small  variations  with  the  rare-earth 
atom.  Sm2Fe17Nx  shows  the  largest  field  because  of  its 
uniaxial  anisotropy.  Th2Fe17  shows  the  largest  increase  upon 
nitrogenation,  in  agreement  with  the  large  observed  increases 
in  its  magnetic  moment  and  unit  cell  volume.  Pr2Fe,7, 
Nd2FeI7,  and  HojFe^  show  very  similar  increases  of  40-50 
kOe  in  their  weighted  average  hyperfine  fields  upon  nitroge¬ 
nation. 

Our  model4"6  for  the  analysis  of  the  Mossbauer  spectra 
of  R2Fe,7  and  R2Fe17N,  is  in  excellent  agreement  with  all 
available  crystallographic  data  on  these  compounds  and  the 
resulting  hyperfine  parameters  show  both  a  smooth  variation 
with  the  rare  earth  and  the  expected  variation  with  tempera¬ 
ture.  Finally,  the  dramatic  increase  in  Curie  temperature  in 
the  nitrides  results  from  the  expansion  of  the  crystallographic 


TABLE  I.  Mossbauer  spectral  hyperfine  parameters  for  Sm,Fe 


T,  K 

6c 

94. 

9d3 

18/, 2 

18/. 

186,2 

18A. 

Wt.  avc. 

H, 

85 

354 

304 

288 

286 

324 

275 

281 

298 

(kOe) 

150 

335 

287 

272 

269 

303 

261 

265 

288 

225 

307 

257 

246 

244 

277 

238 

238 

255 

295 

262 

214 

219 

206 

236 

202 

195 

216 

S" 

85 

0.245 

-0.080 

-0.080 

0.050 

0.050 

0.060 

0.060 

0.054 

(mm/s) 

150 

0.205 

-0.115 

-0.115 

0.000 

0.000 

0.020 

0.020 

0.011 

225 

0.160 

-0.150 

-0.150 

-0.050 

-0.050 

-0.040 

-0.040 

-0.055 

295 

0.090 

-0.180 

-0.180 

-0.100 

-0.100 

-0.090 

-0.090 

-0.088 

QS.6 

85 

-0.13 

-034 

0.06 

0.42 

-0.09 

-0.33 

0.69 

(mm/*) 

150 

-0.11 

-0.28 

0.04 

0.42 

-0.08 

-0.35 

0.66 

225 

-0.10 

-0.18 

0.04 

0.42 

-0.08 

-039 

0.63 

295 

-0.08 

-0.13 

0.04 

0.42 

-0.05 

-0.36 

0.46 

"Relative  to  room  temperature  a-iron. 

'The  OS  values  are  the  quadrupole  shift  except  tor  6  c  site  for  which  it  is  the  quadrupole  splitting  for  a  d  value  of  90". 
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FIG.  2-  The  correlatkn  between  the  Wigner-Seitz  cell  volume  and  the  85  K 
isomer  shift  for  each  site  in  going  from  Sm2Fc17  (closed  symbols)  to 
Siu.Fcj.N,  (open  symbols). 


lattice,  an  expansion  which  is  mainly  centered  on  the  9 d  and 
18  A  iron  sites  as  indicated  by  the  increase  of  their  Wigner- 
Seitz  cell  volumes  upon  nitrogenation.  In  agreement  with  the 
predictions  of  band  structure  calculations,8’10  the  9  d  and  18  A 
sites  show  a  larger  enhancement  of  their  hyperfine  fields  and 
magnetic  moments  as  compared  to  the  6c  and  18/  sites  be¬ 
cause  of  improved  ferromagnetic  exchange  between  these 
sites  and  their  near  neighbors.  Indeed,  all  the  distances  be¬ 
tween  the  9 d  and  18 A  sites  and  their  iron  near  neighbors 
increase  upon  nitrogenation,  an  increase  which  results  in  a 
reduced  iron  3d-iron  3d  overlap  and  hence  improved  ferro- 


Rare-canh  Rare-earth 


FIG.  3-  Isomer  shifts  obtained  at  85  K  for  the  four  crystallographic  sites  in 
RjFe,,  (left)  and  RjFe)7N,  (right)  as  a  function  of  rare  earth  for  the  iron  6c 
she.  A,  for  the  iron  9 d  ate,  ♦,  for  the  iron  18/  site,  ■,  and  for  the  iron 
18ft  site,  •. 


Sm  Ho  Th 
Rart-ea/tt) 


FIG.  4.  The  85  K  weighted  average  hyperfine  fields  in  R2Fc17  (solid  sym¬ 
bols)  and  R2Fel7N,  (open  symbols)  as  a  function  of  rare  earth. 

magnetic  coupling.  In  contrast,  the  distances  between  the  6  c 
and  18/  sites  and  their  near  neighbors  either  increase  or 
decrease  upon  nitrogenation,  changes  which  yield  a  smaller 
improvement  in  the  ferromagnetic  exchange  coupling  for 
these  two  sites. 
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The  effects  of  group  IV  B/V  B/VI B  additions  on  the  magnetic  properties 
of  Sm2+£Fe17  carbonlt rides 
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Curie  temperature,  anisotropy  field,  and  lattice  constants  are  measured  for  the  Sm2-,aFeI7M„4 
(££0.6)  carbonitrides  for  M=Ti,  V,  Cr,  Zr,  Nb,  Mo,  Hf,  Ta,  and  W.  it  is  found  that  minor  additions 
of  M  reduce  the  Curie  temperature,  with  the  largest  decrease  of  28  K  for  M=Mo,  and  that  the 
fluctuations  in  Curie  temperature  are  not  related  to  the  changes  in  unit  cell  volumes.  Compared  with 
Sm24.  jFel7NxCy ,  most  of  the  M  additives  reduce  the  anisotropy  field  with  the  largest  decrease  of 
about  10  fcOe  for  M=Zr.  The  V  addition  has  almost  no  effect  on  the  anisotropy  field  and  the  Ti 
addition  gives  a  4-5  IcOe  enhancement  of  the  anisotropy  field. 


I.  INTRODUCTION 

Sm2Fe!7  nitride,  carbide  and  carbonitride  have  excellent 
magnetic  properties,  and  are  suitable  for  producing  high  per¬ 
formance  magnets.1'5  The  techniques  for  manufacturing 
these  magnets  are  mechanical  alloying,6'7  melt-spinning,8 
metal  bonding,9’10  and  hydrogenation  decomposition  desorp¬ 
tion  recombination  (HDDR).’112  A  long  homogenization 
process  is  often  required  to  eliminate  the  a-Fe  and  other 
magnetic  soft  phases  in  the  starting  materials  when  metal 
bonding910  and  HDDR11  methods  are  used.  It  has  been 
reported12  that  minor  additions  (~2  at.  %)  of  IV  B/V  B/Vl  B 
group  elements  significantly  reduce  the  amount  of  the  pre¬ 
cipitated  a-Fe  in  the  starting  materials,  thus  eliminating  the 
need  for  a  long  homogenization  process.  For  example,  a  per¬ 
manent  magnet,  Sm2+s  Fe17Tio4NxCy  (£60.6)  made  by 
HDDR  method,  has  an  intrinsic  coercivity  of  18  kOe  and  an 
energy  product  of  9.8  MGOe  at  room  temperature.12  It  is 
expected  that  such  good  performance  is  not  only  due  to  the 
reduction  of  rr-Fe  in  the  starting  materials,  but  also  due  to  the 
effects  of  these  additives  on  the  intrinsic  magnetic  properties. 
Endoh  et  aL'}  have  investigated  the  effects  of  minor  addition 
of  impurities,  including  several  refractory  elements,  on  the 
intrinsic  magr,  ic  properties  of  Sm2Fe|7  nitrides.  Their  re¬ 
sults  show  that  Co  addition  increases  the  Curie  temperature, 
Tc ,  and  that  Ti,  V,  or  Co  additions  increase  the  anisotropy 
field,  HA  .  Since  in  their  work,  the  anisotropy  field  was  mea¬ 
sured  by  VSM  on  aligned  powder  specimens,  it  is  believed 
that  the  HA  values  have  been  underestimated.15'14  In  the 
present  work,  the  effects  on  the  intrinsic  magnetic  properties 
have  been  investigated  for  the  IV  B/V  B/VI  B  group  addi¬ 
tives.  The  Ha  was  measured  by  the  singular  point  detection 
(SPD)  technique15  in  an  18  T  pulsed  field  over  a  temperature 
range  between  480  and  590  K.  In  this  temperature  range,  the 
SPD  signals  associated  with  HA  are  very  strong,  so  that  the 
experimental  errors  are  minimized. 

II.  EXPERIMENTAL  METHODS 

Elements  (purity  99.9%)  Sm,  Fe,  and  M,  where  M=Ti, 
V,  Cr,  Zr,  Nb,  Mo,  Hf,  Ta,  and  W,  were  arc  melted  at  least  six 
times,  followed  by  induction  melting  at  least  three  times. 
Excess  Sm  was  added  to  compensate  for  Sm  loss  during 
melting.  The  composition  of  the  ingots  was  Sm2+2  FeI7Mo4 


(<S£0.6).  X-ray  diffraction  shows  the  main  phases  of  the 
Th2ZnI7  rhombohedral  structure  and  secondary  phases  of 
SmFe2  in  the  starling  materials.  The  ingots  were  ground  into 
powder  (<32  pm),  annealed  in  N2  at  480  °C  for  9  h,  and  in 
C2H2  at  the  same  temperature  for  10  min.  The  resulting 
specimens  were  used  for  the  HA  and  Tc  measurements.  Tc 
was  determined  by  making  use  of  a  thermogravimetric  ana¬ 
lyzer  (Perkin-Elmer  TGA-7)  in  a  small  field  gradient.  The 
SPD  measurements  were  performed  in  a  pulsed  magnet  of  up 
to  180  kOe.  Sample  temperature  was  maintained  to  within 
±  1  K  during  the  measurements. 

III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  thermomagnetic  scans  of  the 
Sm24.«Fel7Ma4  (M=Ti  and  W)  carbonitrides.  For  compari¬ 
son,  the  curve  for  Sm2+^FeJ7NxC}. ,  which  shows  the  highest 
Tc ,  is  also  plotted.  It  is  obvious  that  the  Tc  depends  on  M. 
The  decrease  in  Tr  is  also  observed  for  other  additives  as 
shown  in  Table  I.  The  largest  decrease,  about  28  K,  in  Tc  is 
observed  for  M-Mo.  For  M=Ti  and  Nb,  which  show  excel¬ 
lent  performance  as  permanent  magnets,12  the  decrease  in  Tc 
is  19  and  17  K,  respectively. 


T  (X) 


FIG.  1.  Therroomagnetic  scans  of  tbe  Sm3,4Fe]1M0.4  carbonitrides  for 
M-Ti,  w,  and  Fe,  showing  that  the  Te ,  denoted  by  arrows,  varies  with  M. 
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TABLE  I.  Magnetic  properties  and  lattice  coosums  of  Sro2,j  Fe17SL,4N,Cf . 


Temperature  (K) 

480 

Ha  (kOe) 

500  520  550 

590 

T,  (K) 

a  (am) 

c  (tun) 

V  (nraJ) 

Sah+jFfcriN.Cj, 

87 

78 

70 

59 

50 

758 

0.875 

1.265 

0.839 

Sm2  ♦  i  Fe,  yTVjdNgC, 

91 

83 

74 

64 

47 

739 

0.873 

1.266 

0.836 

FepV^NjgCy 

88 

78 

70 

62 

47 

741 

0.873 

1.267 

0.836 

Sni2+  g  FtnCxo_4fixCy 

81 

74 

67 

56 

46 

746 

0.872 

1.268 

0.835 

Sm2+j  Ft1TZra4NICy 

75 

69 

63 

51 

42 

750 

0.871 

1.270 

0.834 

t  FenNbo.dNgCy 

85 

75 

67 

57 

44 

741 

0.873 

1.267 

0.836 

FepMooV^Cy 

80 

72 

65 

55 

41 

730 

0.873 

1.268 

0.837 

Sm2+ s  Fe17H£o 

77 

71 

64 

52 

43 

757 

0.872 

1.267 

0.834 

j  ^c,  zTao^N,  C, 

86 

76 

69 

59 

47 

751 

0.873 

1.267 

0.836 

t  Fe , 

80 

72 

64 

53 

43 

731 

0.872 

1.269 

0.836 

Since  the  increase  in  Tc  is  mainly  due  to  the  volume 
expansion  of  the  lattice  for  Sm2Fel7  nitride,  carbide,  and 
carbonitride, 15,16  it  is  interesting  to  investigate  the  relation¬ 
ship  between  Tc  and  the  lattice  constants.  Figure  2  shows  the 
x-ray  powder  diffraction  of  Sm2+jFenMo04  carbonitride. 
The  lattice  constants  obtained  for  all  Sm2+ jFe17Mo4  carbo- 
nitrides  are  shown  in  Table  I.  It  is  shown  that  the  decreases  in 
Tc  are  not  accompanied  by  the  decreases  in  unit  cell  volume. 
An  example  is  the  specimen  for  M=Mo,  which  has  the  low¬ 
est  Tc  but  the  largest  unit  cell  volume  among  the  specimens 
except  Smj+sFe,,^^ .  Therefore,  the  fluctuations  in  the  Tc 
are  not  related  to  the  changes  in  unit  cell  volumes. 

The  anisotropy  field  was  measured  over  a  temperature 
range  between  480  and  590  K  by  the  SPD  method.15  In  this 
temperature  range,  the  peak  positions  associated  with  H„  can 
be  easily  located,  so  that  the  uncertainty  in  the  values  of  HA 
is  less  than  2  kOe.  Figure  3  shows  an  example  of  SPD  sig¬ 
nals,  where  the  second  derivative  d2M/dt 2  is  plotted  against 
the  external  field  at  various  temperatures  for  the  specimen 
with  M=Cr.  The  values  of  HA  obtained  by  this  technique  are 
shown  in  Table  I,  where  the  HA  of  Smj+aFe^N^C,  is  also 
shown  for  comparison.  It  is  worthwhile  to  mention  that  HA 
of  Sm2+i5  FepN^Cy  obtained  here  is  about  3  kOe  higher  than 
that  repotted  in  Ref.  5.  This  gain  in  HA  is  due  to  the  different 


FIG.  2.  X-ray  (Cu  Ka)  powder  diffraction  of  Sra-*4  Fc.i7Mc^j,  carbonitride. 


carbonitriding  conditions.  As  compared  with  those  used  in 
Ref.  5,  the  carbonitriding  temperature  used  in  the  present 
work  is  lower  and  the  time  is  much  longer.  In  this  condition, 
more  nitrogen  atoms  are  introduced  into  the  specimens,  re¬ 
sulting  in  a  higher  H A .  Similar  results  have  been  reported  by 
Iriyama  et  al. 17  and  Wei  et  aL 18  They  observed  that  the  HA 
increases  with  the  nitrogen  content  until  the  nitrogen  content 
reaches  3. 

As  is  shown  in  Table  I,  HA  varies  with  M.  At  590  K, 
Sm2+4Fe17NIC),  has  the  highest  HA  for  its  higher  Tc .  At 
other  temperatures,  most  of  the  M  additions  reduce  the  HA 
with  the  largest  decrease  of  about  10  kOe  for  M=Zr.  Com¬ 
pared  with  Sm2+4Fe,7NiC> ,  the  V  addition  has  almost  no 
effect  on  HA  and  the  11  addition  increases  the  HA  by  about 
4-5  kOe.  Figure  4  shows  the  temperature  dependence  of  HA 
for  Sm2+4Fe17NJ(Cy  and  Sm2+4Fe17M04N,C),  (M=Ti  and 
Zr).  From  these  curves,  a  gain  of  several  kOe  in  HA  by  Ti 
addition  is  expected  at  room  temperature. 

Iriyama  et  al.'1  and  Wei  era/.18  have  studied  the  rela¬ 
tionship  between  the  HA  and  nitrogen  content  of  Sm2Fe,7N4 
(x=2-6).  They  report  that  HA  increases  and  then  decreases 
with  nitrogen  content,  with  the  maximum  at  x=3.  The  lattice 


FIG.  3.  Example  of  SPD  signals:  d'MIdt2  vs  external  magnetic  field  at 
various  temperatures  for  Sm3«4Fe17Cra4  carbonitride.  The  kinks  are  related 
to  the  anisotropy  field. 
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FIG.  4.  Temperature  depc  Jence  of  anisotropy  field  of  Sm2«.^  FepM^NjC, 
(M=Ti,  At,  arid  Fe).  I  he  values  ire  not  corrected  for  the  demagne¬ 
tizing  field. 


constant  a  remains  almost  constant  when  x^2,  while  the 
lattice  constant  c  always  increases  with  x.  Therefore,  for 
.r^3.  the  increase  in  HA  is  accompanied  by  an  increase  in  the 
unit  cell  volume.  This  relationship  is,  however,  not  observed 
in  the  present  work.  The  HA  of  Sm2+rf  Fe17Mo  4NxCy  are  ran¬ 
domly  related  to  the  unit  cell  volumes,  indicating  that  the 
fluctuaaons  in  HA  are  not  related  to  the  possible  fluctuations 
of  nitrogen  and  carbon  contents  caused  by  M. 

In  conclusion,  minor  additions  of  M  slightly  reduce  Tc . 
Compared  with  the  Sm2+(y Fel7NxQ  ,  introducing  V,  Nb>  and 
Ta  into  the  Sm2+(5  Fe,7NzCy  has  little  effect  on  the  hA .  The 
Ti  addition  increases  HA .  and  therefore  improves  the  mag¬ 
netic  hardness  for  permanent  magnet  application. 
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A  new  series  of  rare-earth  iron  intermetallic  carbide  compounds  has  been  prepared  by  the  reaction 
of  powders  with  methane  gas.  The  alloys  prior  to  the  methane  heat  treatment  had  the  2:17-type 
structure,  R2(Fe,Si),7  (R=Y,  Ce,  Pr,  Nd,  and  Sm).  After  heat  treatment  in  temperatures  up  to  873  K 
the  alloys  absorb  carbon  and  retain  their  original  structure  with  a  volume  expansion  over  the 
carbon-free  unit  cell.  For  higher  heat  treatment  temperatures  (973-1073  K),  a  phase  transformation 
occurs  leading  to  the  BaCdu-type  structure.  These  compounds  have  a  lower  Curie  temperature  than 
those  with  the  Th2Zn17-type  structure,  in  the  range  of  453-495  K.  Rietveld  analysis  of  neutron 
diffraction  data  on  NdFe10SiC,  with  the  BaCdn-typc  structure  are  reported.  In  addition,  the  average 
hyperfine  parameters  determined  by  Mossbauer  spectroscopy  are  reported  for  the  Nd  compounds. 


The  gas  interstitial  modification  (GIM)  technique1  has 
been  used  to  improve  the  intrinsic  magnetic  properties  of 
several  iron-rich  rare-earth  iron  alloys  by 
introducing  interstitial  nitrogen  or  carbon.  This  discovery 
has  led  to  work  aimed  at  obtaining  permanent  magnet 
materials  based  predominately  on  Sm2Fe17(N,C),  and 
Nd(Fe,M)12(N,C),  alloys.2"4  In  this  paper,  we  report  a  novel 
technique  for  producing  BaCdn  (1:11)  structure-type  alloys 
from  samples  which  initially  had  the  R2(Fe,Si)17  (2:17) 
phase.  The  BaCd„  phase  is  stable  in  rare-earth  cobalt  alloys5 
and  rare-earth  cobalt-iron  alloys  with  the  composition 
RCo9_IFe,Si2,  0<x«0.55.6  The  BaCdu-type  structure  also 
forms  from  the  melt  in  the  series  RFe10SiCo5  with  R=Ce,  Pr, 
Nd,  and  Sm  where  small  carbon  additions  stabilize  the  1:11 
phase.7 

In  this  study  GIM  treatment  in  methane  gas  of  the 
R2(Fe,Si)17  alloys  lead  to  an  expanded  lattice  due  to  intersti¬ 
tial  carbon  atoms  and  a  corresponding  increase  in  Curie  tem¬ 
perature  of  up  to  166  K.  For  methane  heat  treatment  at  high 
temperatures  (T> 973  K),  a  phase  transformation  to  the 
BaCdu-type  structure  occurs.  Earlier  we  have  reported  the 
structural  and  intrinsic  magnetic  properties  of  this  new  series 
of  alloys8  and  a  summary  of  the  results  is  shown  in  Table  I. 
In  this  paper,  we  report  the  results  of  neutron  powder  diffrac¬ 
tion  studies  on  a  NdFel0SiC,  sample,  and  standard  57Fe 
Mossbauer  spectroscopy  for  the  Nd-Fe-Si-(C)  samples. 

Samples  of  nominal  composition  RFe10Si  (R=Y,  Ce,  Pr, 
Nd,  and  Sm)  were  prepared  by  arc-melting  high  purity  ele¬ 
ments.  The  sample  preparation,  x-ray  diffraction,  and  mag¬ 
netic  measurement  techniques  have  been  described 
previously.8 

Conventional  transmission  mode  57Fe  Mossbauer  spec¬ 
troscopy  was  performed  on  a  series  of  samples  containing 
Nd.  Room  temperature  spectra  were  obtained  with  a  conven¬ 
tional  constant  acceleration  spectrometer  using  a  57Co(Rh) 
source.  Isomer  shifts  are  given  relative  to  Fe  metal  at  295  K. 

A  powder  sample  (—1  g)  of  the  Nd-containing  sample 
having  undergone  methane  heat  treatment  at  973  K  for  3  h 
was  prepared  for  neutron  diffraction  studies.  The  neutron  dif¬ 
fraction  data  were  collected  at  room  temperature  using  the 


high  resolution  powder  diffractometer  at  the  University  of 
Missouri  Research  Reactor  (MURR).  This  instrument  uses  a 
linear  position  sensitive  detector  to  collect  data  over  a  20° 
angular  span  in  1°  setting  and  measures  the  full  diagram  with 
5°  settings  from  5°  to  105°.  The  diffractometer  uses  a  bent 
perfect  Si  (511)  monochromator  at  1.4683  A.  The  data  were 
analyzed  using  the  Rietveld  technique9  as  implemented  in 
the  FULLPROF  program10  which  allows  multiphase  refine¬ 
ments  and  includes  the  magnetic  refinements.  Analysis 
showed  two  majority  phases  consisting  of  the  NdFeI0SiC, 
phase  and  c-Fe.  In  addition,  two  small  broad  peaks  from  a 
third  phase  were  observed  and  could  not  be  identified.  The 
regions  corresponding  to  those  peaks  were  excluded  from  the 
final  refinements. 

The  x-ray  diffraction  data  confirmed  that  the  original 
alloys  had  the  2: 17-type  structure  and  those  heat  treated  in 
methane  in  the  temperature  range  of  450-650  °C  retained 
their  original  structure  with  an  expanded  lattice,  while  those 
samples  heat  treated  above  650  °C  underwent  a  phase  trans¬ 
formation  to  the  l:ll-type  structure.  Figure  1  shows  the  lat¬ 
tice  expansion  and  phase  transformation  seen  in  a  typical 
sample.  X-ray  diffraction  of  the  homogenized  Pr-Fe-Si  alloy 
is  shown  in  Fig.  1(a)  and  is  of  the  2:17-type  crystal  structure, 
with  the  diffraction  peaks  labeled  accordingly.  Figure  1(b) 
shows  the  x-ray  diffraction  pattern  of  the  same  sample  heat 
treated  in  methane  gas  at  500  °C  for  3  h;  the  sample  has  the 
original  crystal  structure  but  with  an  expanded  lattice.  Figure 
1(c)  shows  the  formation  of  the  1:11  -type  crystal  structure  in 
a  Pr-Fe-Si  sample  heat  treated  in  methane  gas  at  700  °C  for 
3  h. 

The  Tc  of  the  compounds  was  determined  from  low 
field  thermomagnetic  sweeps  up  to  800  °C.  Upon  carbon  up¬ 
take  in  the  low  temperature  carbonation  range  of  450- 
650  °C,  the  Tc  increases  dramatically  corresponding  to  the 
formation  of  the  expanded  2:17  phase.  For  methane  heat 
treatments  above  650  °C  the  1:11  phase  forms  with  a  lower 
Tc  ■  This  Curie  temperature  is  higher  than  those  reported  in 
Ref.  7  in  alloys  containing  carbon  content  of  x=0.5.  The 
increased  Tc  over  the  carbon  0.5  alloys  is  in  agreement  with 
the  larger  lattice  constant  seen  in  the  GIM-produced  alloys 
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TABLE  I.  Summary  of  structural  and  magnetic  properties  of  selected  samples.  For  each  rare  earth,  the  first  sample  listed  represents  the  homogenized  sample. 
The  remaining  samples  correspond  to  heat  treatments  in  methane  gas  for  the  temperature  and  time  indicated.  Saturation  magnetization  and  anisotropy  field 
were  determined  at  room  temperature.  Values  of  Ut  are  corrected  for  a-Fe  and  determined  using  the  law  of  approach  to  saturation. 


Rare 

earth 

Heat  treatment 

a 

(tun) 

c 

(tun) 

V 

(tun3) 

A  V/V 
(X  102) 

Tc 

«C) 

M, 

(emu/g> 

(kOc) 

T  <"C> 

Time  (h) 

type 

Y 

1100 

48 

Th2Ni17 

0.768 

0.827 

0.422 

476 

Y 

600 

3 

TbjNi,, 

0.790 

0.841 

0.454 

7.6 

642 

Y 

700 

3 

BaCdn 

1.011 

0.661 

0.676 

471 

Cc 

1100 

48 

ThjZnp 

0.846 

1.243 

0.770 

434 

80 

Ce 

500 

3 

Th2Zn,7 

0.869 

1.308 

0.856 

11.2 

523 

85 

Ce 

700 

3 

BaCdn 

1.016 

0.662 

0.683 

461 

97 

Pi 

1100 

48 

Th2Zn17 

0.854 

1.247 

0.788 

475 

104 

Pr 

500 

3 

Th2Zo,7 

0.875 

1.277 

0.847 

7.5 

608 

111 

Pt 

700 

3 

BaCdu 

1.019 

0.660 

0.686 

507 

90 

Nd 

1100 

48 

Th2Zn„ 

0.853 

1.239 

0.781 

485 

116 

46 

Nd 

500 

3 

ThiZnp 

0.871 

1.246 

0.822 

5.3 

603 

123 

60 

Nd 

700 

3 

BaCdu 

1.012 

0.662 

0.678 

505 

93 

Sra 

1100 

48 

TbjZn,, 

0.858 

1.243 

0.783 

547 

101 

Srn 

500 

3 

Th2Zn,7 

0.868 

1.283 

0.836 

6.8 

613 

104 

80 

Sm 

700 

3 

BaCdu 

1.1  *3 

0.660 

0.677 

495 

96 

45 

which  results  in  a  larger  Fe-Fe  distance.  Carbon  content  x 
was  estimated  by  mass  increase  of  the  samples  and  x>2  was 
found  in  the  1: 11-type  samples.  In  the  l:ll-type  structure, 
carbon  atoms  are  found  to  fill  octahedral  voids  formed  by 
two  rare-earth  atoms  and  four  iron  atoms.  Full  site  occu¬ 
pancy  would  allow  two  carbon  atoms  per  unit  cell  in  the  1:11 
compounds.  This  higher  than  expected  carbon  content  could 
be  the  result  of  the  formation  of  RC  or  some  Fe-C  phase.  The 
magnetization  seen  in  the  l:ll-type  compounds  is  higher 
than  reported  in  Ref.  7.  This  is  in  agreement  with  the  in¬ 
creased  Curie  temperature  of  the  GIM-produced  samples. 

Figure  2  shows  the  57Fe  Mossbauer  spectra  of  a  homog- 


AnflatM) 

FIG.  1.  X-ray  diffraction  pattern  of  (a)  PrFe10Si  homogenized  sample;  beat 
treated  in  CH,  at  (b)  500  "C  for  3  h  and  (c)  700  "C  for  3  h. 


enized  Nd-Fe-Si  sample,  and  of  Nd-Fe-Si-C  heat  treated  in 
methane  at  500  and  700  °C  for  3  h.  The  theoretical  fits  to 
these  spectra  are  given  by  the  solid  lines.  The  spectra  were 
analyzed  with  an  appropriate  number  of  independent  Zeeman 


FIG.  2.  Room  temperature  57Fe  Mossbauer  spectra  of  (a)  NdFcJ0Si  homog¬ 
enized  sample;  beat  treated  in  CH.  at  (b)  500  °C  for  3  h  and  (c)  700  °C  for 
3  h.  The  solid  line  is  a  calculated  fit  to  die  dat a. 
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TABLE  LI.  Hyperfine  parameters  determined  by  Mossbauer  spectroscopy. 


Sample 

(phase) 

Site 

6 

(mm/sl 

AE 

(nun/s) 

H 

<kG) 

A  H 
(kG) 

% 

172 

(mm/s) 

Nd;FeMSij 

6c 

0.11 

-0.03 

258 

4.0 

8 

0.19 

(117  type) 

9  d 

-0.06 

-0.13 

229 

3.0 

17 

0.19 

18/ 

-0.09 

0.07 

212 

5.0 

32 

0.19 

18  h 

-0.02 

0.24 

187 

7.0 

43 

0.19 

Nd2FeuSi3C, 

6c 

0.11 

-0.08 

264 

5.0 

8 

0.17 

<2:17  lype) 

9  d 

0.00 

-0.14 

233 

11.0 

17 

0.17 

18/ 

0.01 

0.25 

195 

13.0 

32 

0.17 

18* 

0.08 

0.14 

174 

14.0 

43 

0.17 

NdFeioSiC, 

0.07 

-0.26 

259 

4.0 

10 

0.26 

(1:11  type) 

0.10 

-0.10 

184 

1.0 

10 

0.26 

32i 

0.0 

0.24 

161 

12.0 

80 

0.26 

subspectra  according  to  those  reported  previously11  and  as¬ 
suming  a  distribution  of  hyperfine  fields  in  each  subcompo¬ 
nent.  Results  of  the  fit  are  reported  in  Table  II.  Because  of 
the  low  resolution  of  the  experimental  spectra  this  analysis 
has  an  arbitrary  character  to  some  degree.  All  of  the  Moss- 
bauer  spectra  contained  about  37%  of  disordered  alloy  (Fe 
with  4.5%  Si).  The  Mossbauer  spectra  in  Fig.  2  are  the  result 
of  proper  subtraction  of  the  impurities.12  We  could  not  assign 
all  the  sextets  of  the  Mossbauer  spectra  obtained  in  the  com¬ 
pound  NdFe10SiC:_^  The  most  intense  sextet  corresponds  to 
the  32i  site. 

From  the  analysis  of  the  spectra,  the  first  two  compounds 
[Figs.  2(a)  and  2(b)]  have  a  2: 17-type  structure  and  the  third 
[Fig.  2(c)]  is  of  the  1:11  -type  structure.  Based  on  the  area 
ratio  of  the  independent  subcomponents  we  can  calculate  the 
composition  as  Nd2Fe,4Si3  and  NdjFejjSijQ  for  the  2:17- 
type  compounds.  Curie  temperature  and  lattice  parameters  of 
the  homogenized  sample  are  in  agreement  with  this  analysis 
and  those  reported  previously.13  The  hyperfine  fields  of  the 
Nd2Fe]4Si3  at  room  temperature  are  larger  than  those  of 
NdjFej,.11  This  is  due  to  the  increased  Curie  temperature 
over  the  nonsilicon-containing  compound.14  The  average  hy¬ 
perfine  field  found  in  the  700  'C  heat  treated  sample 
(NdFe10SiC2_A)  is  larger  than  that  found  previously  in 
NdFe10SiCo5.15 

While  the  neutron  refinement  showed  more  than  30% 
o-Fe  by  volume,  the  refinement  of  the  NdFe10SiCx  phase 
was  stable  and  well  behaved.  The  structure  was  refined  in  the 
space  group  141/amd  using  the  refinement  of  similar  material 
by  LeRoy  et  of.1  as  the  starting  point.  The  results  of  the 
neutron  refinement  are  summarized  in  Table  III.  The  Si  at¬ 
oms  were  found  to  occupy  only  the  8  d  site  (0  0  j)  as  has 
previously  been  reported,7  with  a  slightly  greater  than  50% 
fraction.  The  other  Fe  sites  were  consequently  fixed  to  full 
occupancy  as  was  the  Nd  site.  The  lattice  parameters  are 
significantly  larger  than  previously  reported  for  a  sample 
containing  approximately  25%  C  on  the  8c  site  (0  0  0)  and  is 
consistent  with  a  higher  refined  occupancy  of  that  site.  The 
lattice  parameters  found  are  also  in  good  agreement  with 
those  found  b-  x  :ay  diffraction  (Table  I).  We  find  nearly  full 
occupancy  of  that  site  (95%)  corresponding  to  a  final  stoichi- 


TABLE  III.  Refinement  results  for  NdFc10SrC, .  The  nuclear  coordinates  (in 
units  of  the  cell  constants  a  and  c)  are  x,y,z;  fi  is  tbe  moment  and  are  given 
in  units  of  Bohr  magnetons  (jig);  occupancy  as  a  fraction  of  the  full  popu¬ 
lation  of  the  site;  A(wp)  and  A  (mag)  are  qu&lity-of-fit  indices  for  the  nuclear 
and  magnetic  scattering,  respectively.  Parentheses  after  the  atom  symbols  in 
the  first  column  enclose  the  occupancy  factors  and  site  symmetry  designa¬ 
tions;  those  following  a  numerical  value  contain  the  statistical  uncertainty  in 
the  final  digits. 


Atom 

X 

y 

z 

Occup 

V 

Nd(4o) 

0.0 

0.75 

0.125 

1 

2.3(3) 

F t(4b) 

0.0 

0.25 

0.375 

1 

1.7(3) 

Fe(32  i) 

0.1277(2) 

0.0470(2) 

0.1952(3) 

1 

1.7(3) 

Fe(8d) 

0.0 

0.0 

0.5 

0.424(16) 

2.1(3) 

Si(8  d) 

0.0 

0.0 

0.5 

0.576(16) 

Q8c) 

0.0 

0.0 

0.0 

0.952(12) 

a  =  10.1601(3)  A 

c  =6.5134(3)  A 

V= 682.686  A-’ 

/*(  total) = 18.49  fiB/ f.u. 

a-Fe=32.7%  (volume) 

*„=5.42 

!  2.4 

ometry  of  NdFe^  85Si1 15Ci  94.  The  position  parameters  for  the 
Fe  32/  site  are  also  somewhat  different  from  the  previous 
report.7 

The  magnetic  moments  were  found  to  be  aligned  in  the 
basal  plane  and  are  also  given  in  Table  III.  The  Fe  moments 
are  close  to  their  saturation  values  around  2/ib  and  the  bulk 
moment,  found  by  summing  the  individual  site  moments  is 
18.5  /ig/f.u.,  more  than  twice  that  refined  by  Le  Roy  et  al.1 
for  the  Q)  5  compound.  This  is  consistent  with  the  increased 
Curie  point  found  for  the  present  compound  (Tc=505  K). 
The  total  moment  found  by  neutron  diffraction  is  signifi¬ 
cantly  greater  than  that  found  by  magnetization  measure¬ 
ments  made  with  the  VSM  (Ms^  12.6/Xg/f.u.).  This  differ¬ 
ence  could  be  due  to  non-saturation  effects  because  of  the 
relatively  low  field  used  to  magnetize  the  sample  with  the 
VSM  (20  kOe). 
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A  detailed  study  of  nitride  precipitates  in  Nd2Fe17 

C.  C.  Colucci,  S.  Gama,  C.  A.  Ribeiro,  and  L.  P.  Cardoso 

Instituto  de  Fisica  Gleb  Watoghin,  Universidade  Estadual  de  Campinas-UNICAMP,  Caixa  Postal  6165 , 
13083-970,  Campinas,  SP,  Brazil 

We  report  electron  microprobe  measurements  of  the  diffusion  profile  in  partially  nitrided  samples  of 
the  Fei7Nd2  phase.  The  results  are  fully  consistent  with  a  step-like  profile.  This  confirms  that  the 
nitrogenation  process  is  one  of  precipitating  a  fully  nitrided  phase  from  a  nitrogen-free  phase.  We 
report  also  x-ray  diffraction  patterns  for  the  partially  nitrided  samples  as  a  superposition  of  the  pure 
and  nitrided  patterns,  with  displacements  and  broadenings  of  lines  due  to  mutual  stresses  between 
the  phases. 


INTRODUCTION 

As  is  now  well  known,  the  Fe,7R2  (R=rare  earths) 
phases  can  absorb  up  to  three  nitrogen  atoms  per  formula 
unit  (f.u.).  increasing  significantly  the  Curie  temperature 
(rc).'~  Regarding  the  nitrogenation  mechanism,  two  models 
have  been  advanced.  The  first  says  that  the  nitrogen  forms  a 
solid  solution,  so  that  under  partial  nitrogenation  of  an  iso¬ 
lated  powder  particle,  a  shell-core  type  diffusion  profile  with 
a  smooth  concentration  gradient  can  be  observed.3  For  a  par¬ 
ticle  with  20  pm  size  and  stoichiometry  Fe,7R2N|  5,  a  con¬ 
centration  gradient  about  5  fan  thick  is  predicted.3  The  sec¬ 
ond  model  says  that  for  the  lighter  rare  earths  the 
nitrogenation  mechanism  is  such  that,  even  for  very  small 
amounts  of  absorbed  gas,  a  fully  nitrided  phase  precipitates 
directly  from  the  starting  phase.  The  observed  diffusion  pro¬ 
file  shows  a  step  function  concentration  gradient.4'6 

The  objective  of  the  present  work  is  to  present  further 
evidence  confirming  the  second  model,  through  careful  elec¬ 
tron  probe  microanalysis  (EPMA)  and  x-ray  diffraction  mea¬ 
surements  on  Fe,7Nd2  samples. 

EXPERIMENT 

Samples  were  prepared  from  99.99%  Fe  and  99.9%  Nd 
through  arc  melting  and  annealing  at  1000  °C  for  seven  days. 
After  this,  the  samples  were  crushed,  milled,  and  sieved  (200 
mesh).  The  nitridation  was  performed  in  a  Sieverts  apparatus 
at  400  °C.  For  the  x-ray  diffraction  measurements  we  used 
Fe  Ka  radiation.  For  the  EPMA  the  powders  were  hot  em¬ 
bedded  in  conducting  resin.4  We  used  a  wavelength  disper¬ 
sion  spectrometer  (WDS)  with  18  kV  as  the  accelerating 
voltage.  The  position  of  the  electron  beam  was  controlled  by 
a  microcomputer.  The  electron  beam  was  first  focused  on  a 
point  in  the  interior  of  a  nitrided  grain  and  moved  in  0.4  pm 
steps  along  a  line  perpendicular  to  the  interface  to  an  un- 
nitrided  region.  For  each  step,  the  intensities  of  the  Fe  Ka 
and  Ndi„  lines  were  measured  for  the  sample  and  for  a 
standard,  in  this  case  the  pure  17:2  phase  itself.  After  a  data 
reduction  procedure  for  quantitative  EPMA,7  the  nitrogen 
content  was  obtained  by  difference.  Based  on  the  peak  to 
background  ratio  of  the  signals  we  determined  the  minimum 
detectability  limit  (MDL)  of  our  EPMA  measurements,  to  be 
about  1.5  at.  %  N. 


RESULTS  AND  DISCUSSION 

Figure  1  shows  typical  EPMA  results  for  our  Nd  based 
material.  It  is  clear  from  this  figure  that  on  one  side  of  the 
interface  the  signal  is  approximately  at  the  saturation  nitro¬ 
gen  concentration  value  and  on  the  other  side  of  the  interface 
it  is  less  than  the  MDL  (the  interface  is  defined  by  the  fitting 
procedure  described  below).  Even  though  we  observe  a  great 
scatter  of  the  nitrogen  content  in  the  nitrided  region,  it  is 
clear  that  we  have  an  interface  between  the  two  region  with 
a  width  less  than  1  gm.  To  interpret  these  data  we  modeled 
the  lateral  distribution  of  the  x-ray  generation  by  the  electron 
probe  as  a  Gaussian  function  with  an  effective  width  i r.8 
Convoluting  this  with  a  step  concentration  function  to  de¬ 
scribe  the  interface,  we  obtain  an  expression  for  the  EPMA 
signal  proportional  to  F(x)=AG(x/cr),  where  A  is  the  satu¬ 
rated  mean  x-ray  signal  for  nitrogen  and 

G,Z)  =  727  /  exp(~j)rf'’  ~x<,<z  U) 

For  the  experimental  determination  of  <z  we  made  an 
artificial  sample  with  a  step  concentration  profile  by  polish¬ 
ing  one  piece  of  nickel  and  another  of  cobalt,  pressing  the 
polished  surfaces  together  and  polishing  the  surface  perpen¬ 
dicular  to  the  interface.  The  WDS  spectrometer  was  tuned  to 
the  Ni  line  and  a  0.1  pm  step  scan  was  done  crossing  the 
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FIG.  t.  EPMA  results  for  Che  Fc, .Nd.N, ,  sample. 
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FIG.  2.  Nickel  EPMA  signal  for  the  Ni-Co  sample. 

interface.  The  results  are  shown  in  Fig.  2.  To  determine  a  we 
numerically  differentiated  the  data  and  fitted  them  to  a 
Gaussian.  For  this  we  obtained  rr= 0.31  jun,  so  that  we  can 
consider  that  the  thickness  of  the  interface  between  the  ni¬ 
tride  and  pure  phases  is  less  than  or  of  the  order  of  the  probe 
size  (see  Fig.  1).  This  is  strong  evidence  for  the  sharpness  of 
the  interface,  confirming  the  step  nature  of  the  nitrogen  con¬ 
centration. 

As  stated  in  the  Introduction,  if  the  solid  solution  mode) 
were  valid,  we  should  expect  a  smooth  variation  of  the  ni¬ 
trogen  concentration  over  a  distance  of  several  yarn  (at  the 
stoichiometry  x=  1.5,  ftm).  This  smooth  concentration 
variation  would  be  easily  measurable  by  our  technique.  Our 
observations,  however,  are  fully  consistent  with  results  ex¬ 
pected  for  a  step  concentration  profile  convoluted  with  a  fi¬ 
nite  size  function  describing  the  electron  probe.  We  can  con¬ 
clude,  then,  that  the  diffusion  mechanism  is  really  one  of 
precipitation  of  a  fully  nitride  phase  in  a  matrix  of  the  pure 
nitrogen-free  phase. 

We  also  performed  x-ray  diffraction  measurements  on 
our  samples.  The  results  are  similar  for  all  samples.  Figure  3 
shows  the  (113)  diffraction  lines  for  (a)  the  pure,  (b)  the 
x=  1.0  intermediate,  and  (c)  the  saturated  samples.  It  is  clear 
that  for  the  nitrogen-free  and  saturated  samples  the  corre¬ 
sponding  lines  are  narrower  and  stronger  than  the  one  for  the 
intermediate  sample,  which  clearly  shows  a  double  peak. 
This  double  line  clearly  is  the  superposition  of  two  patterns, 
one  for  the  pure  and  the  other  for  the  saturated  sample,  con¬ 
firming  again  the  coexistence  of  a  fully  nitrided  phase  and  of 
a  pure  one. 

Furthermore,  the  superposed  lines  are  not  as  narrow  as 
the  ones  for  the  phases,  neither  are  they  in  the  exact  positions 
expected,  but  are  broadened  and  displaced.  Also  the  line  cor¬ 
responding  to  the  pure  phase  is  displaced  in  the  opposite 
sense  as  the  saturated  one.  These  opposite  line  displacements 
originate  in  the  fact  that  the  pure  phase  is  stretched  while  the 
saturated  one  is  compressed.  The  broadening  shows  that 
these  deformations  are  not  homogeneous.  This  state  of  ten¬ 
sion  has  already  been  observed  by  Mossbauer  effect  mea¬ 
surements  in  the  Pr  system.3  The  displacement  of  the  line  for 
the  pure  phase  is  A<f/<f0  = 0.0081.  and  using  this  as  a  maxi¬ 
mum  deformation,  and  a  reasonable  value  for  Young’s  modu- 
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FIG.  3.  (113)  x-ray  diffraction  lines  for  the  (a)  pure,  (b)  Fe,7Nd2N,  ^  and  (c) 
saturated  samples. 


lus  of  the  phase  (we  chose  the  value  for  Fe),  we  estimate  the 
maximum  tension  in  the  system  as  <rmvla’  1600  MPa.  The 
pure  phase  line  broadening  was  used  to  estimate  the  average 
inhomogeneous  stress  rr„.  Since  A(20)=O.OO35  rad,  we 
have  Ad/du-&(29)/2  tan($=5.lxi0'3,  and  using  the  same 
value  as  above  for  the  Young’s  modulus,  we  have  1000 
MPa,  again  a  reasonable  value. 


CONCLUSIONS 

We  can  conclude  that: 

(1)  the  EPMA  measurements  confirm  the  step  like  nature 
of  the  nitrogen  concentration  diffusion  profile,  instead  of  a 
smooth  one. 

(2)  the  x-ray  diffraction  measurements  show  the  diffrac¬ 
tion  pattern  for  intermediate  nitrogen  concentrations  as  the 
superposition  of  two  patterns,  one  of  the  pure  phase  and  the 
other  of  the  saturated  phase.  The  observed  displacements  and 
broadenings  of  the  lines  are  attributed  to  the  highly  stressed 
condition  of  the  sample  under  partial  nitrogenation  and  allow 
an  estimate  of  the  maximum  and  average  stresses  in  the 
samples. 
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Aligned  high  anisotropy  Pr(Fe,Co,Mo)12N  film  samples 
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Highly  aligned  (002)  textured  sputtered  films  of  PriFe^^.jCo.MoJN, ,  where  >'=0-2.5,  and 
z=0.4-1.0  compounds  have  been  successfully  synthesized.  Before  nitriding,  the  films  exhibited 
nonuniaxial  soft  magnetic  properties  with  room  temperature  coercivities  of  0.70  kOe.  A  profound 
change  of  magnetocrystalline  anisotropy  occurred  on  nitriding.  X-ray  difffaction  traces  showed  that 
the  ThMnl2-type  tetragonal  structure  was  retained  with  a  saturating  increase  in  cell  volume  over  the 
first  15  min  of  nitriding  time  at  750  K.  The  coercivity,  however,  reached  a  maximum  for  a  nitriding 
time  of  25  min  at  750  K.  Samples  nitrided  for  times  greater  than  **25  min  were  taken  as  fully 
nitrided  with  »>1  N  per  ThMn1:  formula  unit.  The  samples  slightly  richer  in  Pr  showed  somewhat 
higher  coercivity  perpendicular  to  the  film  plane  as  compared  to  stochiometric  Pr(Fe,Co,Mo)12N 
films.  From  high  field  measurements  to  80  kOe,  the  maximum  room  temperature  coercivity 
perpendicular  to  the  film  plane  was  9.4  kOe,  which  rose  to  22.0  kOe  at  10  K.  The  4  ttMs  value  at 
80  kOe  measured  perpendicular  to  the  film  plane  was  11.6±0.5  kG  at  293  K,  12.5  kG  at  10  K,  for 
Pfi  04Fe10.36CO| ,i6Mo0  44N  samples,  and  10.5±0.5  kG  at  293  K  for  Pr105Feu  ]7Mo0  78N  samples. 
After  high  field  magnetization  to  80  kOe,  for  measurements  perpendicular  to  the  film  plane,  the 
static  energy  product  was  23.6  and  32.9  MG  Oe  at  293  and  10  K,  respectively.  The  estimated 
anisotropy  fields  were  96  and  144  kOe  at  293  and  10  K,  respectively,  for  low  cobalt  film  samples. 


INTRODUCTION 

In  this  paper  we  report  that  high  anisotropy  oriented 
sputtered  film  samples  of  Pr(Fe12_r _;CoyMo2)N^ ,  where 
>=0-2.5,  and  z=0.4-1.0,  compounds  have  been  synthe¬ 
sized  for  as  low  as  10  min  of  in  situ  nitriding  times.  Yang 
era/.1,2  recently  reported  the  formation  of  arc  melted 
PrMo,  5Fe|05  compounds  and  their  nitrides,  with  2  kOe  co¬ 
ercivities  at  room  temperture  for  the  nitrides.  For  our  Pr 
ThMn, 2-type  nitrided  films,  room  temperature  coercivities  of 
greater  than  9  kOe  have  been  measured.  Before  nitriding,  the 
films  exhibited  nonuniaxial  soft  magnetic  properties  with 
room  temperature  coercivities  of  **0.70  kOe.  The  film  syn¬ 
thesis  procedures  were  similar  to  those  previously  used  for 
the  synthesis  of  other  highly  aligned  ThMn12-type  systems.3 
In  addition  the  deposited  films  were  in  situ  nitrided  as  re¬ 
ported  for  other  ThMn12-type  systems.4,5  The  increase  in  cell 
volume  upon  nitriding  saturated  before  the  coercivity 
reached  a  maximum  as  a  function  of  nitriding  time.  The  ni¬ 
triding  time  required  to  reach  a  maximum  coercivity  was 
shorter  for  higher  nitriding  temperatui  es.  For  a  nitriding  tem¬ 
perature  of  750  K  the  cell  volume  increase  saturated  after  15 
min,  but  the  coercivity  did  not  reach  the  maximum  value 
until  a  nitriding  time  of  25  min.  Samples  nitrided  for  times 
equal  to  or  greater  than  that  required  to  reach  the  maximum 
coercivity  were  taken  to  be  fully  nitrided  with  N  per 
ThMni2  formula  unit.6,7 

EXPERIMENT 

Oriented  films  of  approximately  2-3  /an  thickness  were 
synthesized  by  the  direct  crystallization  of  the  desired  com¬ 
positions  through  rf  sputtering  onto  heated  polycrystalline 
A1203  substrates  in  the  temperature  range  of  675-800  K. 
Due  to  the  relatively  small  thermal  expansion  coefficient  of 
A1203  the  films  are  under  tension  when  cooled  to  room  tem¬ 
perature  from  the  deposition  and  nitriding  temperatures.  The 
sputtering  targets  used  in  these  studies  were  made  by  arc 


melting  in  an  inert  atmosphere  from  pure  elements  of  at  least 
99.9%  pure.  The  sputtering  deposition  chamber  had  a  base 
pressure  of  5X10  “  mTorT.  The  sputtering  gas  pressure  was 
75  mTorT  of  argon.  The  deposition  rate  was  <*>1.2  A/s.  These 
films  were  nitrided  in  situ  at  570  Torr  of  N,  for  times  ranging 
from  5  to  150  min.  The  nitriding  temperatures  were  varied 
from  700  to  850  K.  The  magnetic  data  reported  were  mea¬ 
sured  using  vibrating  sample  magnetometers.  The  x-ray  dif¬ 
fraction  data  were  collected  with  a  digital  system  using 
Cu  Ka  radiation. 

RESULTS  AND  DISCUSSION 

Figures  1  and  2,  respectively,  show  T =293  K,  and 
T~  10  K,  hysteresis  loops  for  a  Pti .04Fe,036Cou„Mo044N 
sample.  This  film  exhibited  an  extreme  degree  of  texturing 
such  that  the  c  axes  of  the  grains  were  aligned  perpendicular 
to  the  film  plane.  For  T =293  K,  the  perpendicular  to  the  film 


^Internal  ^ 


FIG.  1.  Hysteresis  loops  are  shown.  7=293  K.  for  a 
Pr,  odFciassCoi  ,6Mo044N  sample.  For  the  flux  density  directed  perpendicu¬ 
lar  to  the  surface,  the  4irM,  was  11.6  kG,  ,HC  was  9.4  kOe,  and  the  static 
energy  product  was  23.6  MG  Oe. 
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FIG.  2.  Hysteresis  loops  arc  shown,  T- 10  K,  for  a 
Pt  l04Fe ,o. jfcCo i , N  sample.  For  the  flux  density  directed  perpendicu¬ 
lar  to  the  surface,  the  4ir A/,  was  12.5  kG,  ,H(  was  22.0  kOe,  and  the  static 
energy  product  was  32.8  MG  Oe. 

plane  saturation  flux  density,  4irMs  =  11.6±0.5  kG,  intrinsic 
coercivity  ,He=9M  kOe,  and  maximum  energy  product 
BH0U,=23.6  MG  Oe.  For  the  7'=10  K  curve, 
4irMJ  =  12.5±0.5  kG,  ,H,=22.0  kOe,  and  BHm„=32.8 
MG  Oe.  As  will  be  discussed  shortly  this  film  was  in  situ 
nitrided  for  a  time  long  enough  to  maximize  the  coercivity. 
Such  samples  were  taken  as  fully  nitrided  with  «*1  N  per 
ThMnl2  formula  unit.  The  nitrided  tetragonal  lattice  cell  pa¬ 
rameters  were  a  =8.78  A,  and  c  =4.87  A.  Note  that  measure¬ 
ments  perpendicular  to  the  film  plane  correspond  to  measure¬ 
ments  parallel  to  the  crystallite  c  axes.  From  these  curves, 
the  anisotropy  fields  of  this  Pr)  04Fe1036Co,  ^Mo^N 
sample  were  estimated  to  be  144  and  96.5  kOe  at  10  and  293 
K,  respectively.  The  anisotropy  fields  for  Pr(Fe,Mo,Co)l2N 
film  samples  did  not  differ  significantly  over  a  wide  range  of 
cobalt  compositions,  i.e.,  from  2.8  to  15.0  at.  %  metallic 
composition  of  the  1-12  phase. 

Figure  3  shows  hysterisis  loops  for  an  un-nitrided 
Pr103Feio.44Coi  i3Mo0  W  sample  synthesized  under  similar 
sputter  conditions  before  nitriding.  It  exhibited  soft  magnetic 
properties  consistent  with  easy  plane  anisotropy.  The  room 
temperature  flux  density  was  higher  in  the  film  plane  as  com- 
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FIG.  3.  Hysteresis  loops  measured  at  7=293  K,  for  an  un-nitrided 
^ijuF'ioddCo,  sample  exhibiting  easy  plane  anisotropy  are  shown. 

After  nhriding  the  easy  plane  anisotropy  behavior  switched  to  uniaxial  be¬ 
havior  as  shown  in  Figs.  1  and  2. 
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FIG.  4.  (a)  An  x-ray  diffractometer  trace,  CuKo ,  for  the  sample  of  Fig.  3  is 
shown  before  nitriding,  (b)  An  x-ray  diffractometer  trace  for  Figs.  1  and  2  is 
shown  after  nitriding.  Arrows  indicate  the  position  of  A120,  substrate  lines. 
The  volume  increase  upon  nitriding  was  —b.9%. 


pared  to  that  perpendicular  to  the  film  plane.  The  field  re¬ 
quired  to  obtain  saturation  in  the  direction  perpendicular  to 
the  film  plane,  obtained  by  extrapolation,  was  34.8  kOe.  The 
at.  %  of  Pr  was  slightly  higher  as  compared  to  the  stochio- 
metric  composition  for  Pr(Fe,Mo,Co)12  films. 

Figure  4  shows  the  x-ray  diffraction  traces,  CuKa  radia¬ 
tion,  after  nitriding  for  the  sample  of  Figs.  1  and  2,  and 
before  nitriding  for  the  sample  of  Fig.  3.  The  direct  synthesis 
of  Pr-Fe-Mo-Co  films  into  ThMn12  phase  with  systematic 
control  of  deposition  conditions  allowed  us  to  obtain  an  ex¬ 
treme  degree  of  crystallographic  texturing  upon  deposition. 
Following  in  situ  nitriding  the  ThMn,2-type  tetragonal  struc¬ 
ture  was  retained  with  an  increase  in  cell  volume  which  satu¬ 
rated  for  a  nitriding  temperature  of  750  K  after  about  tbe  first 
15  min  of  nitriding  time  at  6.9%.  This  behavior  is  shown  in 
Fig.  5.  The  observed  cell  volume  increase  is  larger  than  that 
observed  in  bulk  samples  because  of  film  volume  strain  ef¬ 
fects.  The  full  width  at  half-maximum  of  the  x-ray  diffrac¬ 
tion  lines  was  unchanged  after  nitriding.  The  lines  were 
fairly  sharp  before  and  after  nitriding  even  for  samples  with 
very  short  nitriding  times. 

Nitriding  Temp.  =  750  K 
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FIG.  5.  The  cell  volume  as  a  function  of  nitriding  time  at  750  K  is  shown 
for  PriFe,Co,Mo)12  nitrided  in  570  Tore  N2. 
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FIG.  6.  The  variance  of  room  temperature  coercivity,  ,Ht ,  perpendicular  to 
the  film  plane  is  shown  as  a  function  of  nithding  time  al  750  K,  570  Ton 
N;,  for  film  samples  of  nearly  the  same  composition.  All  films  were  sputter 
synthesized  under  the  same  conditions  except  for  the  nitriding  time. 

The  variation  of  ,//<-  was  also  studied  as  a  function  of 
nitriding  time.  A  series  of  film  samples  were  sputter  synthe¬ 
sized  under  similar  sputter  conditions  except  for  the  nitriding 
time.  As  shown  in  Fig.  6,  the  maximum  room  temperature 
coercivity,  ,HC ,  perpendicular  to  the  film  plane  was  9.4  kOe, 
for  the  film  sample  directly  crystallized  at  72S  K  and  75 
mTorr  of  argon  and  nitrided  at  750  K  and  570  Torr  of  N2  for 
25  min.  An  attempt  was  made  to  determine  the  minimum 
nitriding  time  at  various  nitriding  temperatures  to  optimize 
the  coercivity.  The  nitriding  time  for  the 
Pti.wFeioJfiCoi.isMOo.zzN  sample  at  750  K  to  maximum  co¬ 
ercivity  was  25  min.  However,  the  minimum  nitriding  time 
to  maximum  coercivity  was  10  min  at  850  K,  and  the  room 
temperature  coercivity  measured  following  low  field  magne¬ 
tization  to  18  kOe  perpendicular  to  the  film  plane  was  6.4 
kOe  for  a  similar  composition  sample. 

Sputter  deposition  with  systematic  control  of  the  deposi¬ 
tion  parameters  allowed  us  to  achieve  an  extremely  high  de¬ 
gree  of  c-axes  texturing  perpendicular  to  the  film  plane.  For 
each  nitriding  temperature,  the  minimum  nitriding  time  was 
determined  to  optimize  the  coercivity.  It  should  be  noted  that 
perpendicular  to  the  plane  coercivity  reached  a  maximum 
after  the  volume  increase  upon  nitriding  had  saturated.  This 
is  consistent  with  the  cell  volume  increase  being  due  to  N 
atoms  occupying  sites  at  the  midpoint  of  the  c-axes  cell 
edges  and  the  midpoint  of  the  a-b  faces,6,7  2  N  sites  per 
tetragonal  cell  which  contains  two  ThMn12  formula  units. 
Upon  partial  site  filling  the  volume  has  to  assume  that  satu¬ 
rated  volume  or  else  the  cell  would  need  to  be  distorted 
which  is  inconsistent  with  the  x-ray  data.  The  magnetic  an¬ 
isotropy  and  coercivity,  however,  continue  to  change  until 


the  N  sites  are  filled.  The  maximum  in  coercivity  has  been 
taken  as  the  indicator  of  full  site  occupancy  rather  than  the 
cell  volume  saturtion  time  for  that  reason.  It  should  also  be 
noted  that  in  spite  of  the  larger  cell  volume  expansion  ob¬ 
served  in  the  film  samples  due  to  additional  strain  effects, 
that  the  anisotropy  values  reached  approximately  the  same 
values  as  have  been  observed  in  bulk  samples.  Longer  than 
necessary  nitriding  times  resulted  in  some  phase  deteriora¬ 
tion  with  a  lower  than  optimal  coercivity.  For  higher  nitrid¬ 
ing  temperatures  less  nitriding  time  was  required  to  optimize 
the  coercivity.  For  850  K,  the  optimum  nitriding  time  was 
found  to  be  10  min. 

The  room  temperature  easy  plane  anisotropy  field  of 
Pti.os^ti.zoMtToTS’  and  Fr(  03Fe1044Co| j^Mop^j  samples, 
were  30  and  34.8  kOe,  respectively.  On  nitriding  a  profound 
change  of  magnetocrystalline  anisotropy  occurred,  the  easy 
plane  anisotropy  switched  to  easy  axis  anisotropy.  At  room 
temperatures,  the  saturation  flux  density  measured  perpen¬ 
dicular  to  the  film  plane  for  high  field  measurements  up  to  90 
kOe  of  applied  fields  was  10.5±0.5  kG  for 
Pi-!  osFe,,  17Mod78N,  and  11.6±0.5  kG  for 
Pr,  o,Fe10  ^Co,  |6Mo0  44N  samples.  The  available  flux  den¬ 
sity  and  coercivity  were  both  higher  for  CO-containing 
samples.  The  highest  room  temperature  coercivity  and  en¬ 
ergy  product  were  obtained  for  a  Pr,  ^Feio  ^Co!  i6Mo0  44N, 
sample.  For  this  film  at  293  K  the  perpendicular  to  the  film 
plane  saturation  flux  density,  4irAf5  =  11.6±0.5  kG,  the  in¬ 
trinsic  coercivity  ,HC = 9.40  kOe,  and  maximum  energy  prod¬ 
uct  BH^,, -23.6  MG  Oe.  At  10  K  the  corresponding  4  nM , , 
,//r,  and  BHm„ ,  were  12.5±0.5  kG,  22.0  kOe,  and 
BHmax=32.8  MG  Oe,  respectively.  These  are  the  highest  val¬ 
ues  ever  reported  for  Pr(Fe,Mo,Co),2N  ThMn,,-type 
samples. 
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Anisotropy  and  flux  density  enhancement  in  aligned  ThMn12-type 
NdFe^COi  _yMoyN  film  samples 

A.  Navarattina,  H.  Hegde,  R.  Rani,  and  F.  J.  Cadieu 

Physics  Department,  Queens  College  of  CUNY,  Flushing,  New  York  11367 

Highly  aligned  sputlered  film  samples  of  ThMn12-type  NdFe12  ,  CoyMo_.N,  y  +  z"“  1,  have  been 
synthesized.  For  low  Co  concentrations  it  has  been  possible  to  enhance  the  saturation  flux  densities, 
the  coercivity,  and  the  anisotropy  field  of  the  nitrided  samples.  Films  which  have  a  gradient  along 
the  substrate  length  in  the  Fe  to  Co  ratio  have  been  synthesized  to  determine  the  maximum 
coercivity  and  anisotropy  values  that  can  be  obtained  for  the  Nd(Fe,Co,Mo)12N  nitrides.  Maximum 
room  temperature  coercivities  and  anisotropies  of  11.3  and  145  kOe  were  obtained  for  a 
ThMnirtype  Nd8  ^Fejo  3Co60Mo48N  (002)  textured  film  sample.  At  lower  temperatures  the 
coercivity  and  anistropy  rose  smoothly  to  29.5  and  =200  kOe,  respectively  by  10  K.  Based  on 
nitriding  studies  on  similar  films,  all  nitride  sites  should  be  occupied  at  “1  N  per  ThMn12  formula 
unit  for  the  high  coercivity  films  reported. 


INTRODUCTION 

We  have  recently  shown  that  highly  aligned  sputtered 
film  samples  of  ThMn12-type  NdFe^Coo^Moo^N  can  be 
synthesized  to  exhibit  a  room  temperature  static  energy  prod¬ 
uct  of  46.3  MGOe  with  the  flux  density  oriented  perpendicu¬ 
lar  to  the  film  plane.1  The  Nd(Fe,Mo)12  compound  was 
shown  to  be  the  most  promising  in  film  synthesized  samples 
since  highly  aligned  and  a-Fe  free  samples  could  be  made 
for  T =Mo.3  We  have  been  able  to  synthesize  the  NdFenMo 
compound  in  film  form  with  a  high  degree  of  crystallo¬ 
graphic  texture,  where  the  c  axis  of  the  individual  crystallites 
are  highly  aligned  perpendicular  to  the  film  plane.  We  have 
been  able  fir  replace  at  least  half  of  the  Mo  by  Co  and  in¬ 
crease  the  saturation  flux  density  as  well  as  the  anisotropy 
field  of  the  nitrides.1  The  major  problem  of  bulk  ThMn)2 
type  samples  is  the  common  belief  that  large  concentrations 
of  a  third  nonmagnetic  transition  metal  such  as  Mo,  V,  or  Ti 
is  required  to  allow  the  stabilization  of  the  ThMn,2  phase. 

Earlier  it  was  shown  for  bulk  samples  that  nitrided 
samples  of  ThMn12-type  Nd(Fe,T)12N,  r=Mo,  ft,  or  V  ex¬ 
hibited  potentially  attractive  properties  as  permanent 
magnets.3  Anisotropy  of  80  kOe  at  300  K  and  115  kOe  at  1.5 
K  for  NdFenTiN,  bulk  samples  were  reported.3  The  ob¬ 
stacles  were  those  of  lack  of  alignment,  the  formation  of 
a-Fe,  and  the  low-flux  densities  which  resulted  from  the 
large  concentrations  of  the  nonmagnetic  T  element  used  to 
stabilize  the  ThMn^  phase. 

In  this  paper  we  report  the  magnetic  properties  of 
NdFet2_j,_zCoyMOjN,  y+z'M,  aligned  film  samples  to 
study  the  effects  of  anisotropy  and  coercivity  enhancements 
upon  the  substitution  of  small  amounts  of  Co  for  Fe.  Such 
samples  thus  consist  of  approximately  88-at.  %  magnetic 
transition  metal,  8-at.  %  Nd,  and  only  4-at.  %  Mo  atoms  in 
the  ThMnI2  structure.  It  should  be  noted  that  it  has  not  been 
possible  to  stabilize  the  ThMnl2  for  such  magnetic  element 
concentrations  by  any  other  means.  An  added  benefit  of  these 
magnetic  element  enhanced  samples  is  that  the  anisotropy 
field  and  intrinsic  coercivities  have  been  increased  across  the 
range  from  room  temperature  to  low  temperatures.  Room 
temperature  values  as  high  as  11.3  and  29.5  kOe  at  10  K 
have  been  measured  for  the  aligned  nitrided  samples.  Based 


on  nitride  studies  for  analogous  Pr(Fe,Co,Mo)12N  films,  all 
the  nitride  sites  should  be  occupied  at  “1  N  per  ThMn,2 
formula  unit4  for  the  nitriding  times  and  temperatures  used 
for  these  films.5 

EXPERIMENT 

The  approximately  Nd(Fe,  _yCoy)n  sMoosN  aligned 
film  samples  were  synthesized  by  rf  diode  sputtering  from  a 
colinear  arrangement  of  three  targets  with  the  compositions 
as  indicated. 


Target 

A 

(at.  %) 

B 

(at.  %) 

C 

(at.  %) 

Nd 

8 

8 

8 

Fe 

87.5 

84 

78.5 

Co 

0 

4 

9 

Mo 

4.5 

4 

4.5 

The  atomic  fractions  of  Nd  and  Mo  thus  remained  fairly 
constant  across  the  length  of  a  substrate  while  the  relative 
amounts  of  Co  to  Fe  increased  along  the  substrate  length 
from  the  side  opposite  target  A  to  the  side  opposite  target  C. 
The  Co  atomic  composition  ranges  from  1.3  to  6.3  at.  %  of 
the  metallic  elements  across  the  substrate.  Some  Mo  was 
retained  in  the  samples  since  in  our  experience  this  aids  in 
obtaining  coercivity  and  suppressing  a-Fe  formation  for  sto¬ 
ichiometric  samples.  The  samples  were  directly  crystallized 
onto  heated  substrates  so  that  the  c  axes  of  the  ThMn,2-phase 
crystallites  were  oriented  perpendicular  to  the  film  plane. 
The  samples  were  nitrided  after  deposition  by  heating  the 
samples  in  500  Torr  N2  at  550  °C  for  2  h.  Based  on  studies  of 
analogous  Pr  films,  these  nitriding  conditions  should  result  in 
essentially  all  the  nitriding  sites  being  occupied  at  1  N  per 
formula  unit.4  Results  for  only  certain  samples  can  be  re¬ 
ported  here.  The  resulting  film  compositions  along  the  length 
of  a  substrate  were  determined  by  directly  analyzing  film 
regions  with  electron  excited  x-ray  fluorescence  in  a  scan¬ 
ning  electron  microscope  (SEM).  The  magnetic  properties 
were  measured  by  two  different  vibrating  sample  magne¬ 
tometers  (VSM).  A  low-field  VSM  at  applied  fields  up  to  18 
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FIG-  I.  Hysteresis  loops  are  shown  for  a  2.5-/rm-thick 
Nd8  oFe^  ^Co,  kMo4  4N  sample  as  measured  at  293  K,  perpendicular  to  the 
film  plane,  the  high  flux  density  loop,  the  in  plane  demagnetization  loop,  and 
the  initial  flux  density  perpendicular  to  the  film  plane. 

kOe,  and  a  high  held  one  with  applied  fields  to  90  kOe.  The 
sample  thicknesses  were  determined  by  SEM  measurements. 
The  x-ray  diffraction  traces  were  collected  by  a  digital  step¬ 
ping  motor  system  using  CuK„  radiation.  Corresponding 
samples  before  and  after  nitriding  were  measured.  A  demag¬ 
netization  factor  of  4ir  was  used  to  compute  the  flux  densi¬ 
ties  as  measured  perpendicular  to  the  him  plane,  and  zero  for 
the  in  plane  measurements. 

RESULTS  AND  OISCUSSION 

Figure  1  shows  hysteresis  loops  for  a 
NdgoFegy  gCor  gMoxxN  sample  as  measured  at  293  K,  per¬ 
pendicular  to  the  film  plane,  the  high  flux  density  loop,  the  in 
plane  magnetization  loop,  and  the  initial  flux  density  perpen¬ 
dicular  to  the  film  plane.  For  this  sample  the  room  tempera¬ 
ture  remanent  flux  density  was  16.2  kG  and  is  essentially  the 
same  as  the  saturation  value.  The  room  temperature  ,HC  per¬ 
pendicular  to  the  plane  was  8.7  kOe,  and  the  static  energy 
product  was  30.4  MGOe.  The  large  drop  in  flux  density  upon 
entering  the  demagnetization  quadrant  greatly  lowers  the 
possible  energy  product  from  that  theoretically  possible  for 
such  a  high-remanent  flux  density.  The  drop  in  flux  density 
as  H  internal  reverses  is  expected  because  such  samples  con¬ 
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FIG.  2.  An  x-ray  diffractometer  trace,  OiKa  radiation,  is  shown  for  the 
nitrided  sample  of  Fig.  1. 
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FIG.  3.  Hysteresis  loops  as  measured  at  293  K  are  shown  for  a  1.5-pm-lhick 
Nd8VFew>.3CoM)Mo4XN  predominantly  (0021  textured  film  sample. 

tain  a  trace  of  cr-Fe  as  indicated  in  the  x-ray  diffractometer 
data  shown  in  Fig.  2.  The  x-ray  diffraction  traces  yield  a 
better  estimate  of  a-Fe  concentration  than  using  one  half  the 
2nd  quadrant  drop  because  the  minimum  wall  reversal  width 
for  these  aligned  grains  is  unknown.  This  sample  was 
strongly  (002)  textured,  but  not  to  the  same  extreme  degree 
as  previous  films  which  were  made  to  maintain  uniform 
composition  films.  The  room  temperature  magnetocrystalline 
anisotropy  obtained  by  extrapolating  the  in  plane  flux  density 
to  the  perpendicular  value  was  145  kOe. 

Figure  3  shows  hysteresis  loops  as  measured  at  293  K 
for  a  NdgpFegojCOpoMOggN  predominantly  (002)  textured 
film  sample.  The  main  points  of  interest  for  this  sample  are 
that  the  room  temperature  coercivity  has  bee  if  increased  to 
11.3  kOe  and  the  room  temperature  anisotropy  field  to  an 
estimated  145  kOe.  The  room  temperature  static  energy 
product  perpendicular  to  the  plane  was  also  respectable  at  30 
MGOe.  Figure  4  shows  an  x-ray  diffraction  trace  for  this 
sample  after  nitriding.  Since  this  sample  was  only  1.5  /am 
thick,  the  characteristic  polycrystalline  AlzO,  substrate  lines 
are  clearly  evident  at  20=35.13°,  37.78°,  43.36°,  and 
52.55°.  Only  a  small  a-Fe  peak  is  evident  at  44.70°.  The 
second  strongest  ThMn,,  reflection  is  the  (202).  Hysteresis 
loops  for  this  sample  as  measured  at  10  K  are  shown  in  Fig. 
5.  By  10  K  the  magnetic  properties  had  increased  to 
4rrA/J  =  16.5  kG,  ,Hr= 29.5  kOe,  and  BHmu= 40.5  MGOe. 


FIG.  4.  An  x-ray  diffractometer  trace,  CuKtf  radiation,  is  shown  for  the 
nitrided  sample  of  Fig.  3.  The  tetragonal  nitrided  lattice  parameters  were 
o=8.75,  c-4.87  A. 
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FIG.  S.  Hysteresis  loops  for  the  sample  of  Fig.  3  are  shown  as  measured  at 
10  K. 


FIG.  f>.  Hysteresis  loops  as  measured  at  10  K  are  shown  for  a  2  31-^m-thick 
Ndi  ?FeM  (.Co*  „Moj  8N  (002)  textured  film  sample. 


The  anisotropy  field  at  10  K  can  only  be  estimated  to  be  a 
relatively  high  value  of  200  kOe. 

For  comparison,  hysteresis  loops  measured  at  10  K  for  a 
Nd7  7Feg,  6Co3  8Mo3  gN  uniform  composition  film  is  shown 
in  Fig.  6.1  For  such  uniform  composition  films  very  high 
energy  products  were  measured.  At  10  K  the  4irMs,  ,HC,  and 
BHm„  values  were  17.0  kO,  24.0  kOe,  and  59.6  MGOe.  The 
corresponding  values  at  293  K  were  15.5  kG,  8.7  kOe,  and 
46.3  MGOe. 

In  the  present  studies,  exceptionally  high  values  of  in¬ 
trinsic  coercivity  and  anisotropy  fields  have  been  measured 
in  film  samples  made  with  a  gradient  in  the  Fe  to  Co  ratio 
along  the  substrate  length.  The  highest  intrinsic  coercivity 
and  anisotropy  values  obtained  at  293  K  were  ,Hc  -=  11.3  kOe 
and  HA  ~  145  kOe.  The  corresponding  values  were  29.5  and 
200  kOe  at  10  K.  The  room  temperature  anisotropy  field 
remained  relatively  high  at  =145  kOe  across  the  range  of  Co 


substitutions  reported.  Despile  the  new  high  values  of  tHc 
and  HA  obtained  for  an  Fe  to  Co  ratio  of  1 3.4  to  1 ,  the  room 
temperature  a//max  value  of  30  MGOe  was  comparative  >y 
low  because  of  the  partial  decrease  of  the  flux  density  for 
small  demagnetizing  fields.  The  high  value  of , Hc  =  11.3  kOe 
measured  at  293  kOe  is  the  highest  value  reported  for 
ThMn,,-type  systems. 
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Hydrogenation  decomposition  desorption  recombination  magnets  based 
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The  hydrogenation  decomposition  desorption  recombination  (HDDR)  process  is  carried  out  to 
produce  permanent  magnets  based  on  Sm2T^Fe17M(M  carbonitrides,  where  M=Ti,  V,  Cr,  Zr,  Nb, 

Mo,  Hf,  Ta,  and  W;  and  <S«0.6.  It  is  found  that  minor  additions  of  M  significantly  reduce  the 
amounts  of  o-Fe  and  SmFe3  in  the  starting  materials.  The  best  isotropic  HDDR  magnet  obtained  is 
for  M=Ti,  which  has  an  intrinsic  coercivity  of  18  kOe  and  an  energy  product  of  9.8  MGOe  at  room 
temperature. 


I.  INTRODUCTION 

Since  the  discovery  of  Sm2Fe17  nitride,  carbide,  and 
carbonitride,15  a  lot  of  efforts  have  been  made  to  produce 
high  performance  magnets  based  on  these  materials.  Some  of 
these  efforts  include  mechanical  alloying,6,7  melt  spinning,8 
metal  bonding,1'10  and  hydrogenation  decomposition  desorp¬ 
tion  recombination  (HDDR)."  The  HDDR  process  has  been 
successfully  used  to  produce  Nd2Fe,4B-based  magnets  with 
high  coercivity.12-13  A  coercivity,  Hc,  of  about  12.6  kOe  is 
reported  for  bonded  magnets  made  of  HDDR 
Nd^Fc^Bg-type  alloys.14  This  is  a  very  high  value,  as  com¬ 
pared  with  the  anisotropy  field  of  about  80  kOe  at  room 
temperature.15  In  contrast,  the  coercivity  so  far  reported  for 
the  HDDR  Sm2Fe,7  nitride  is  rather  low,  less  than  9  kOe,11  in 
spite  of  the  large  anisotropy  field  of  about  140  kOe16  for  this 
nitride.  This  relatively  low  coercivity  is  related  to  the  sec¬ 
ondary  soft  phases,  mainly  <*-Fe,  of  the  specimens.  In  order 
to  have  high  performance  magnets,  these  soft  phases  must  be 
eliminated  as  much  as  possible.  The  present  study  is  to  in¬ 
vestigate  the  effects  of  IVB/VB/VIB  group  additions  on  the 
coercivity  of  Sm2Fe,7  carbonitrides  made  by  the  HDDR  pro¬ 
cess. 


II.  EXPERIMENTAL  METHODS 

Alloys  consisting  of  elements  (purity  99.9%)  Sm,  Fe, 
and  M,  where  M— Ti,  V,  Cr,  Zr,  Nb,  Mo,  Hf,  Ta,  and  W,  were 
arc  melted  at  least  6  times,  followed  by  induction  melting  at 
least  3  times.  Excess  Sm  was  added  to  compensate  for  Sm 
loss  during  melting.  The  composition  of  the  ingots  after 
melting  was  Sm2+JFe17M04,  where  £s0.6.  X-ray  (Cu -Ka) 
powder  diffraction  was  used  to  check  the  presence  of  sec¬ 
ondary  phases. 

The  hydrogenation  decomposition  was  carried  out  by 
heating  the  specimens  in  H2  at  800  °C  for  up  to  40  min.  The 
desorption-recombination  occurred  simultaneously  when  the 
decomposed  specimens  were  annealed  in  vacuum,  produced 
by  a  mechanical  pump,  in  a  temperature  range  between  740 
and  860  °C  for  up  to  30  min.  The  resulting  HDDR  specimens 
were  ground  into  powder  (<32  pm),  and  then  nitrided  in  N2 
at  460,  480,  and  510  °C  for  up  to  18  h,  followed  by  carbur¬ 
izing  in  QHj  at  the  same  temperatures  for  up  to  15  min.  The 
carbonitrided  powder  was  cold  pressed.  Hysteresis  loop  mea¬ 


surements  were  carried  out  in  a  pulsed  magnet  with  a  maxi¬ 
mum  field  of  180  kOe.  Sample  temperature  was  maintained 
to  within  ±  1  K  during  the  measurements. 

III.  RESULTS  AND  DISCUSSION 

The  Sm2+4Fe17M04  compounds  prepared  by  arc  melting 
and  induction  melting  show  very  small  amount  of  ar-Fe  and 
SmFe3  phases  for  all  values  of  S  under  investigation 
(Os£s0.6).  The  x-ray  diffractions  show  the  main  phase  of 
Th2Znl7  rhombohedral  structure,  and  a  secondary  phase  of 
SmFe2.  This  is  shown  in  Fig.  1(a)  for  Sm2,4Fe17Ti04  Ap¬ 
parently,  the  minor  addition  of  M  has  made  o-Fe  and  SmFe, 
unstable  in  these  alloys.  Therefore,  it  is  not  necessary  to 
carry  out  a  long  time  homogenization  process  which  is  often 
required  for  Sm2Fe,7  to  eliminate  the  a-Fe. 


2  a 


FIG.  1.  X-ray  (Cu -KJ  powder  diffraction  of  Sra2*^Fc17Ti04  (a)  of  the 
starting  compound  made  by  arc  melting  and  induction  melting;  (b)  after 
hydrogenation  decomposition,  (c)  after  HDDR,  before  carbon itriding;  (d) 
after  HDDR  and  carbonitridiDg.  The  secondary  phases  are  indicated  by  the 
special  symbols. 
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FIG.  2.  Thcnnopiezic  scans  of  Sm,  ,^:cwMu,  (beating  rale =5  K/min).  The 
onset  temperature  of  hydrogenation  decomposition,  indicated  by  arrows, 
depends  on  M. 


Figure  2  shows  a  thennopiezic  scan  for  M=Ti  and  Nb  in 
hydrogen  gas.  The  pressure  decrease  between  460  and  550  K 
is  due  to  hydrogenation  of  the  compounds.  As  is  shown  in 
Fig.  2  for  M=Ti  and  Nb,  the  onset  temperatures  for  hydro¬ 
genation  decomposition,  indicated  by  arrows,  are  related  to 
M.  At  1073  K,  all  Sm2+4  Fe,,^,  decompose  quickly.  The 
time  required  to  reach  a  complete  decomposition  was  deter¬ 
mined  by  the  pressure  change  of  H2  gas.  It  ranges  from  10  to 
40  min,  depending  upon  M.  When  decompostion  is  com¬ 
plete,  only  the  a-Fe  and  Sm  hydride  are  observed  in  x-ray 
diffraction,  with  no  detectable  trace  of  M.  This  is  shown  in 
Fig.  1(b)  for  M=Ti. 

In  order  to  obtain  high  coercivity,  different  conditions 
for  the  desorption  recombination  process  have  been  tried. 
Figure  3  shows  the  coercivity  as  a  function  of  temperature 
where  the  desorption  recombination  process  was  carried  out 
for  10  min  for  the  decomposed  Sm2+iFe17Tio  4.  The  nitrid¬ 
ing  and  carbiding  were  carried  out  at  510  °C  for  120  and  15 
min,  respectively,  in  this  test.  It  will  be  shown  later  that  other 
carbonitriding  conditions  will  give  higher  coercivity.  It  is 
clear  from  Fig.  3  that  the  best  recombination  temperature  is 
about  800  “C.  At  this  temperature,  several  recombination 
times,  up  to  30  min,  have  been  tried.  From  these  tests,  it  is 
concluded  that  to  obtain  grain  sizes  favorable  for  high  coer¬ 
civity,  the  desorption  recombination  process  should  be  car¬ 
ried  out  at  800  °C  for  10-15  min.  As  is  shown  in  Fig.  1(c) 
for  Sm2+4  Fe17Ti<)4,  the  specimens  after  the  whole  HDDR 
process  contain  the  main  phase  of  Th2Zn]7  rhombohedral 
structure  with  small  amounts  of  secondary  phases  of  a-Fe, 
SmFe2,  and  SmFej.  The  SmFe2  and  SmFe7  phases  disappear 
after  carbonitriding,  as  is  shown  in  Fig.  1(d).  This  is  because 
die  two  phases  decompose  into  SmN  and  a-Fe  upon 
nitriding.1*18  Comparing  Figs.  1(c)  with  1(d),  it  is  found  that 
the  amount  of  or-Fe  remains  almost  unchanged  after  carbo- 
ni hiding,  indicating  that  carbonitriding  does  not  introduce 
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FIG.  3.  Coercivity  of  Sm2+JFeI7Ti<,>4NxCy  as  a  function  of  temperature 
where  the  desorption  recombination  process  is  carried  out  for  10  min,  fol¬ 
lowed  by  ni trifling  and  carburizing  the  specimens  at  510  *C  for  120  and  IS 
min,  respectively.  The  solid  line  is  a  guide  to  the  eye. 


mote  a-Fe  into  the  specimens.  This  advantage  is  discussed  in 
detail  in  Ref.  5. 

Since  Sm  evaporates  during  the  HDDR  process  due  to 
its  high  vapor  pressure,  the  near  stoichiometric  composition 
(#~0)  of  the  starting  material  leads  to  large  amounts  of  a-Fe 
in  the  HDDR  Sm2Fe17Mo4  specimens.  However,  when  S  is 
in  the  range  of  0.5-0.6,  the  amount  of  a-Fe  in  the  specimens 
after  HDDR  process  is  negligible.  Further  increase  in  S  has 
no  effect  on  reducing  a-Fe.  For  all  specimens  which  will  be 
reported  later,  the  values  of  S  for  the  starting  materials  are 


FIG.  4.  Hysteresis  loops  of  Sm-.,  fXt.Tiu.N.C,  at  300, 373,  and  473  JC. 
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TABLE  1.  H,  and  (BH)„  of  Sm2*JFe„M(L4N1C,  it  300  K. 


M 

Ti 

V 

Cr 

Zr 

Nb 

Mo 

Hf 

Ta 

W 

H ,  (kOe) 

18 

13 

13 

11 

17 

15 

13 

16 

11 

(BH)^,  (MGOe) 

9.8 

8.8 

8.4 

8.2 

8.9 

9.4 

6.9 

7.4 

5.5 

between  0.5  and  0.6.  The  actual  values  of  <5  of  the  final 
magnets  ate  expected  to  be  less  than  0.6,  because  of  the  loss 
of  Sm  during  the  HDDR  process. 

Coey  and  Hurley19  have  shown  that  insufficient  minding 
results  in  nitrogen-poor  cores  inside  the  pat  tides,  which  re¬ 
duce  the  coercivity.  In  order  to  eliminate  these  soft  cores, 
two  other  carbonitriding  conditions  are  investigated.  Signifi¬ 
cant  increase  in  coercivity,  e.g.,  =  +3.4  IcOe  for  M=Ti, 

was  observed  when  nitriding  was  carried  out  at  480  °C  for  9 
h,  followed  by  carbiding  at  the  same  temperature  for  10  min. 
Compared  with  this  carbonitriding  condition,  no  significant 
increase  in  coercivity  was  obtained  when  nitriding  was  done 
at  460  °C  for  18  h  and  carburizing  for  15  min.  These  results 
suggest  that  carbonitriding  at  480  °C  for  about  9  h  is  the  best 
condition  to  eliminate  the  soft  cores  in  a  reasonably  short 
time.  The  best  magnet  obtained  is  for  M=Ti.  Figure  4  shows 
the  hysteresis  loops  of  a  Sm2 FenTi04N.tCy  magnet  at 
three  temperatures.  Assuming  full  density,  this  magnet  has 
the  coercivity  and  the  energy  product  of  18  kOe,  9.8  MGOe 
at  300  K,  14  kOe,  7.8  MGOe  at  373  K  and  9  kOe,  6.5  MGOe 
at  473  K.  The  coercivities  and  the  energy  products  for  other 
additives  are  listed  in  Table  I.  The  good  performance  of  the 
magnet  with  M-Ti  can  be,  in  part,  explained  by  the  en¬ 
hancement  of  anisotropy  field,  which  is  about  4-5  kOe 
higher  than  that  of  Sm2Fen  carbonitride.20 

In  conclusion,  by  the  HDDR  process,  high  performance 
isotropic  permanent  magnets  based  on  Sm2+4  Fe17Mo4  car- 
bonitrides  have  been  made  for  M=Ti,  Nb,  etc.  Compared 
with  the  isotropic  magnets  based  on  Nd-Fe-B  made  by 
HDDR  process,  these  magnets  have  superior  magnetic  prop¬ 
erties,  especially  at  elevated  temperatures. 


The  research  was  supported  by  grants  from  the  Natural 
Sciences  and  Engineering  Research  Council  of  Canada, 
Fonds  pour  la  Formation  de  Chercheurs  et  I ’aide  a  la  Re¬ 
cherche,  Quebec. 


‘Y.  Ouni,  D.  P  F.  Hurley,  H.  Sun,  and  J.  M.  D.  Coey.  J.  Appl  Phys.  69, 
55M  (1991). 

’J  M.  D.  Coey,  H.  Sun,  Y.  Ottni,  and  D.  P.  F.  Hurley,  J  Magn  Magn. 
Mater.  N.  76  (1991). 

JB.-P.  Hu  and  G.-C.  Liu,  Solid  State  Commun.  79,  785  (1991). 

4  X  C  Kou,  R.  Grossinger,  M.  Katter,  J.  Wedter,  L  Schultz,  T.  H.  Jacobs, 
and  K.  H.  J.  Buscbow,  J.  Appl.  Phys.  70,  2272  (1991). 

SX.  Chen,  Z.  Altounian,  and  D  H.  Ryan,  J.  Magn.  Magn.  Malcr.  125,  169 
(1993). 

fcL.  Schultz,  K.  Schnitzke,  J.  Wecker,  M.  Katter,  and  C.  Kuhn,  J.  Appl. 
Phys.  70,  6339  (1991). 

TJ.  Ding,  P.  G.  McCormick,  and  R.  Street,  J.  Alloys  Compounds  189,  83 
(1992). 

8F.  E.  Pinkerton  and  C.  D.  Fuerst,  Appl.  Phys.  Lett.  60,  2558  (1992). 

’M.  Q.  Huang,  L.  V  Zhang,  B.  M.  Ma.  Y.  Zheng,  J.  M.  Eibicki,  W.  E. 
Wallace,  and  S.  G.  Sankar,  1.  Appl.  Phys.  70,  6027  (1991). 

’°S.  Suzuki  and  T.  Miura,  IEEE  Trans.  Magn.  MAG-28,  994  (1992). 

11 C .  N.  Christodoulou  and  T.  Takeshita,  J.  Alloys  Compounds  196,  155 
(1993). 

>2P  J.  McGuiness,  X.  J.  Zhang,  H.  Forsyth,  and  I.  R.  Harris,  J.  Less- 
Common  Met.  162.  379  (1990). 

13X  J.  Zhang,  P.  J.  McGuiness,  and  I.  R.  Harris,  J.  Appl.  Phys.  69,  5838 
(1992). 

MP.  1.  McGuiness,  X.  J.  Zhang,  X.  J.  Yin.  and  I.  R.  Harris,  J.  Less-Common 
Met.  158,  359  (1990). 

15  R.  Grossinger,  R.  (Crewenka,  R.  Eibler,  H.  R.  Kirchmayr,  J.  Ormerod,  and 
K,  A.  J  Buschow,  J.  Less-Common  Met.  118.  167  (1986). 

16M.  Katter,  J.  Wecker,  L.  Schultz,  and  R.  Grossinger,  J.  Magn.  Magn. 
Mater.  92,  L14  (1990). 

17C.  N.  Christodoulou  and  T.  Takeshita,  J.  Alloys  Compounds  196,  31 
(1993). 

"C.  N.  Christodoulou  and  T.  Takeshita,  J.  Alloys  Compounds  191,  279 
(1993). 

19  J.  M.  D.  Coey  and  D.  P.  F.  Hurley,  J.  Magn.  Magn.  Mater.  184-187,  1098 
(1992). 

“X  Chen,  Er.  Girt,  and  Z.  Altounian  (these  proceedings). 


8014  J.  Appl.  Pbys..  vot.  75,  No.  10. 15  May  1904 


X  Chen  and  Z.  Attouraan 


.'  i. 


Nltridlng  of  melt-spun  Nd-Fe-Mo  alloys 

F.  E.  Pinkerton,  C.  D.  Fuerst,  and  J.  F.  Herbst 

Physics  Department,  General  Motors  NAO  Research  and  Development  Center,  30500  Mound  Road,  Warren, 
Michigan  48090-9055 

The  hard  magnetic  properties  of  nitrated  melt-spun  Nd-Fe-Mo  ribbons  have  been  investigated  as 
functions  of  composition,  quench  rate,  and  nitriding  time.  Ingots  having  the  compositions 
Nd|Fe10Mo2,  Nd,  15Fe10Mo2,  Nd13Fe10Mo2,  and  Nd14JFe10Mo2  were  melt  spun  over  a  range  of 
quench  rates  specified  by  substrate  wheel  velocities  vs  in  the  5  m/s«u,«40  m/s  interval.  Ribbons 
prepared  with  o,«17.5  m/s  from  the  Nd,  ,5Fe,0Mo2  alloy  consist  only  of  stoichiometric  NdFe10Mo2 
with  the  ThMn,2  crystal  structure;  at  higher  quench  rates  the  ThMnl2  structure  is  suppressed,  it  is 
found  that  all  ribbons  prior  to  nitriding  are  characterized  by  intrinsic  coercivity  Hci< 0.4  kOe.  For 
ribbons  direct  quenched  at  wheel  speeds  between  12.5  and  17.5  m/s,  nitriding  produces 
technologically  significant  coercivity  (Hci~ 6  kOe).  The  maxima  in  the  technical  magnetic 
properties  as  functions  of  u,  resemble  those  observed  in  direct-quenched  Nd-Fe-B  ribbons. 


Since  the  discovery  by  Yang  er  at}  that  nitrogen  absorp¬ 
tion  can  enhance  the  Curie  temperature  Tc ,  saturation  mag¬ 
netization  M, ,  and  magnetocrystalline  anisotropy  of  RFe,,Ti 
(R  denotes  rare  earth)  compounds,  nitrided  RFe,2-rTz  (T 
including  Mo,  Ti,  and  V)  phases  characterized  by  the  tetrag¬ 
onal  ThMnl2  structure  have  become  of  interest  from  the  per¬ 
spective  of  permanent  magnet  applications.  In  the  case  of  the 
NdFe12_,Mo,  systems,  which  form  for  molybdenum  con¬ 
tents  in  the  1.0sjc^2.5  range,2  4  nitriding  has  been  reported 
to  improve  Tc  by  130-170  K,  to  increase  M,  at  300  K  by 
7%-17%,  and  to  change  the  easy  magnetization  direction 
from  basal  plane  to  c-axis  orientation  with  a  room- 
temperature  anisotropy  field  H,~ 70  kOe.4-8  Here  we  de¬ 
scribe  an  effort  to  magnetically  harden  NdFe10Mo2  by  nitrid¬ 
ing  direct-quenched  melt-spun  Nd-Fe-Mo  ribbons,  i.e„ 
ribbons  in  which  ThMn12  grains  having  optimum  size  are 
formed  directly  on  quenching  from  the  melt.  The  technical 
magnetic  properties  have  been  examined  as  functions  of 
composition,  quench  rate,  and  nitriding  time. 

Four  starting  compositions  having  fixed  Mo  and  Fe  but 
varying  Nd  concentration  were  chosen  for  this  investigation: 
Nd,Fe,0Mo2,  Nd,  15Fei0Mo2,  NdI3Fe10Mo2,  and 
Nd,  4SFe,0Mo2.  Ingots  were  prepared  by  induction  melting 
high-purity  elemental  constituents  in  an  argon  atmosphere. 
Each  ingot  was  melt  spun,  again  under  argon,  by  ejecting 
molten  alloy  through  an  orifice  (0.6  mm  diam)  in  a  quartz 
crucible  onto  the  surface  of  a  chrome-plated  copper  disk  (25 
cm  diam).  The  quench  rate  was  varied  by  changing  the  sur¬ 
face  velocity  v,  of  the  disk,  with  v,  in  the  range  5-40  m/s. 

Nitriding  was  carried  out  on  ground  (<45  /sm  diam) 
powders  of  the  melt-spun  ribbons  under  a  static  120  kPa 
pressure  of  N2  gas.  All  samples  in  this  work  were  nitrided  at 
740  K  for  times  varying  from  1  to  88  h.  X-ray  powder  dif¬ 
fraction  (CuXar  radiation)  was  used  to  identify  phases  in  the 
ribbons  before  and  after  nitriding.  Magnetic  properties  were 
measured  using  a  vibrating  sample  magnetometer  with  a 
maximum  applied  field  of  19  kOe  after  premagnetizing  in  a 
pulsed  field  of  — 100  kOe.  No  demagnetization  correction  for 
the  geometry  of  the  samples  was  made,  and  a  density  of  8.2 
(8.3)  g/ctn3  was  used  fin  the  nitrided  (urmitrided)  materials. 
Tc  values  were  determined  by  differential  scanning  calorim¬ 
etry. 


From  the  x-ray  analyses  we  found  that  the 
Nd,  ,5Fe10Mo2  starting  composition  yielded  essentially 
single-phase  NdFe,oMo2  ribbons,  but  only  for  quench  rates 
in  the  u,sl7.5  m/s  range.  Figure  1  illustrates  this  point.  A 
powder  diagram  calculated  for  NdFeu>Mo2  using  the  nuclear 
coordinates  and  site  occupancies  determined  via  neutron  dif¬ 
fraction  by  Yelon  and  Hadjipanayis9  for  NdFe10Mo,N,  is  dis¬ 
played  in  Fig.  1(a),  and  Figs.  1(b),  1(c),  and  1(d)  are  the 
patterns  observed  for  ribbons  melt  spun  from  the 
Nd,  ,sFe,aMo2  ingot  at  u,=15,  20,  and  30  m/s.  Lattice  con¬ 
stants  a =8.61  A,  c  =4.81  A,  in  excellent  agreement  with  the 
values  given  in  Ref.  3  for  NdFe10Mo2,  were  inferred  from 
the  peak  positions  for  the  15  m/s  sample  [Fig.  1(b)];  those 
parameters  were  employed  in  computing  Fig.  1(a).  Compari¬ 
son  of  Figs.  1(a)  and  1(b)  demonstrates  that  only  NdFe,„Mo2 
is  detectable  in  the  15  m/s  sample.  This  identification  is  con¬ 
sistent  with  quantitative  elemental  analysis  of  the  15  m/s 
ribbons  by  inductively  coupled  plasma  atomic  emission 
spectrometry,  which  indicated  a  slightly  rare-earth-rich  com¬ 
position  of  Nd,  0gFe,o0Mo2  01.  The  diffraction  pattern  for  the 
t>j=20  m/s  sample  [Fig.  1(c)]  shows  line  broadening  indica¬ 
tive  of  decreasing  particle  size,  perhaps  combined  with  in¬ 
cipient  deterioration  of  the  ThMn,2  character  through  disor¬ 
dering  of  the  transition-metal  sublattices.  At  v,=30  m/s  [Fig. 
1(d)]  much  of  the  fine  structure  has  been  eliminated;  further 
particle  size  reduction  associated  with  the  higher  quench  rate 
cannot  by  itself  account  for  the  modification  of  the  line  pat¬ 
tern.  Figure  1(d)  suggests  transformation  to  the  disordered 
hexagonal  TbCu7  structure,  evidence  for  which  has  also  been 
reported  for  melt-spun  Sm-Fe  alloys.10 

Results  of  nitriding  the  Nd,  ,5Fe,0Mo2  ribbons  are  sum¬ 
marized  in  Fig.  2,  which  displays  B, ,  ( BH )awl ,  and  Hcl  as 
functions  of  nitriding  time  for  five  different  quench  rates 
corresponding  to  o,=10,  12.5,  15,  17.5,  and  30  m/s.  Before 
nitriding  the  intrinsic  coercivity  is  negligible,  //C1« 0.2  kOe, 
as  is  the  energy  product,  but  Fig.  2  makes  it  clear  that  the 
incorporation  of  nitrogen  produces  technologically  signifi¬ 
cant  magnetics.  Values  of  Hcj  and  ( BH )„,  exceeding  4.5 
kOe  and  2.0  MGOe,  respectively,  are  observed  for  the 
u,  =  12.5,  15,  and  17.5  m/s  ribbons  over  nitriding  times  ex¬ 
tending  from  16  to  64  h. 

Figure  3  highlights  the  v,  dependence  via  plots  of  the 
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FIG.  1.  («)  Calculated  CuKa  x-ray  powder-diffraction  diagram  for 
NdFejoMoj,  and  observed  patterns  for  Nd,  13Fe,0Mo2  ribbons  melt  spun  at 
(b)  v,*15  tn/s,  (c)  i/,=20  m/s,  and  (d)  0,-30  m/s. 


three  technical  properties  versus  v,  for  the  Ndt  l5FeiaMo2 
ribbons  nitrided  for  16  h.  The  broad  maxima,  which  all  occur 
at  u,  =  15  m/s,  resemble  those  observed  in  melt-spun 
Nd-Fe-B."  For  these  alloys,  however,  the  property  enhance¬ 
ment  afforded  by  optimizing  the  quench  rate  is  smaller.  This 
is  especially  true  of  Hci ,  which  improves  by  as  much  as  -20 
ItOe  in  Nd-Fe-B,"  as  opposed  to  the  —2  kOe  increase  shown 
in  Fig.  3.  Since  Nd2Fe14B  and  NdFe]aMo2  have  comparable 
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FIG.  3.  Br ,  ( BH )max ,  and  Hei  of  Nd,  ,3FcioMo2  ribbons  nitrided  at  740  K 
for  16  h  as  functions  of  wheel  speed  v, .  The  uppermost  panel  also  includes 
values  of  4  vM  measured  it  *  19  kOe  external  field. 
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FIG.  2.  RooB-teaipenruro  reauaoace  B, ,  oaerty  product  (8f0«, ,  »d 
isui««fccoercivily//,(ofNd,^MMojrit*o»ineftjpuo«ri;,  =  10,  12J, 
IS,  17S,  and  30  m/t  m  foacdoao  of  mtndm*  time. 
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anisotropy  fields  (H„~ 70  kOe.  tie  relative  y  si..al  enhance¬ 
ment  for  the  nitrided  Nd-Fe-K.o  tidbc :.s  underservs  the 
challenge  of  realizing  useful  cocrcivity  in  'best  systr-.us. 

Despite  also  being  comprised  of  essentially  single-phase 
NdFe10Mo2,  as  revealed  by  the  x-ray  analytes,  ribbons  melt 
spun  with  v5«10  m/s  do  not  develop  properties  equivalent  to 
those  of  the  12.5  m/s«t>,«sl7.5  m/s  ribbons  on  outriding. 
Since  grain  size  increases  with  diminishing  u, ,  it  is  our  opin¬ 
ion  that  reduced  Hcl  associated  with  oversized  grains,  as 
observed  in  melt-spun  Nd-Fe-B,"  is  responsible  for  this  be¬ 
havior.  For  the  vs»20  m/s  materials,  on  the  other  hand,  we 
conclude  that  the  inferior  properties  are  due  to  the  degrada¬ 
tion  of  the  ThMn12  structure  indicated  by  the  x-ray  work. 
Corroborative  evidence  for  the  transformation  is  provided  by 
measurements  of  4  wM  in  the  largest  field  applied,  19  kOe, 
shown  as  open  squares  in  the  top  panel  of  Fig.  3.  It  is  appar¬ 
ent  that  the  progressive  replacement  of  ordered  ThMn12-type 
material  by  a  related  but  disordered  phase  for  i>,a»20  m/s  is 
accompanied  by  a  substantial  drop  in  magnetization. 

Demagnetization  curves  for  the  Nd|  |5Fe10Mo2  (15  m/s) 
ribbons  before  and  after  nitriding  (64  h)  are  presented  in  Fig. 
4.  While  the  coercivity  is  essentially  zero  in  the  as-spun 
state,  the  nitrided  ribbons  are  characterized  by  /fcj=5.5  kOe, 
flr=4.5  kO,  and  (fi/f)„..=3.1  MGOe.  The  remanence  is 
near  the  5  kG  value  to  be  expected  for  a  random  distribution 
of  NdFenjMojN,  crystallites  whose  saturation 
magnetization4,3’’  is  4ir3#,~10  kG.  The  largest  (BH)m  at¬ 
tainable  for  such  a  distribution  is  approximately  6  MGOe, 
and  our  observation  of  half  that  limiting  value  is  a  conse- 
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FIG.  4.  Demagnetization  curves  for  Nd,  ,$Fe]eMo3  (c,  - 15  m/s)  ribbons  in 
the  as-spun  state  (dashed  line)  and  after  minding  for  64  h  at  740  K  in  N.  gas 
at  120  kPa  (solid  line). 


quence  of  the  oonrectangular  loop  shape  of  the  nitrided  ma¬ 
terial  in  Fig.  4.  Endoh  and  co-workers4  observed  Hci~ 3  kOe 
and  Br~5  kG  for  nitrided  melt-spun  Nd,  jFe,0Mo2.  Working 
with  overquenched  NdFe10Mo2  ribbons  melt  spun  at  40  m/s 
and  which,  in  contrast  to  our  work,  were  vacuum  annealed 
prior  to  nitriding,  Thug,  Singleton,  and  Hadjipanayis12 
achieved  Hci~ 8.8  kOe  and  fl,~4.6  kG  after  optimizing  the 
annealing  and  nitriding  conditions.  Coercivities  and  rema- 
nences  of  8  kOe,  5  kG  (Ref.  7)  and  4  kOe,  7  kG  (Ref.  4) 
have  been  reported  for  nitrided  powders  prepared  from  me¬ 
chanically  alloyed  ingots  much  richer  in  rare-earth  content 
than  those  investigated  here. 

We  have  determined  rc~365  K  for  the  as-spun 
Nd,  I5FeI0Mo2  (15  m/s)  ribbons  and  rc— 505  K  for  the  same 
ribbons  after  nitriding,  in  reasonable  agreement  with  the  Cu¬ 
rie  temperatures  reported  in  Ref.  4.'3  For  the  nitrided  ribbons 
we  find  ThMn,rtype  lattice  constants  a =8.69  A  and  c=4.87 
A,  implying  a  volume  expansion  of  3.3%  on  nitriding  con¬ 
sistent  with  the  results  of  others.5,7'®'12 

Figure  5  compares  the  technical  magnetic  properties, 
again  as  functions  of  nitriding  time  as  in  Fig.  2,  of  nitrided 
u,  =  15  m/s  ribbons  prepared  from  the  four  different  starting 
compositions  examined  in  this  study.  It  amplifies  our  result 
that  the  Nd,  15Fe10Mo2  formulation  leads  to  the  best  magnet¬ 
ics.  Together  with  the  x-ray  studies,  the  data  of  Fig.  5  afford 
two  conclusions.  First,  some  excess  Nd  facilitates  develop¬ 
ment  of  the  technical  properties,  but  an  overabundance  of 
secondary  phases  is  deleterious.  The  powder  diagram  of 
Nd,Fe10Mo2  (15  m/s)  material  is  indistinguishable  from  Fig. 
1(b)  for  the  NdUJFe1(>Mo2  (IS  m/s)  ribbons,  so  the  markedly 
poorer  properties  of  the  former  imply  that  some  excess  Nd  is 
favorable,  even  though  none  is  apparent  in  the  diffraction 
pattern,  fat  contrast,  the  x-ray  diagrams  of  the  NdIJFeIoMo2 
and  Nd,43Fe,oMo2  samples  contain  fines  from  secondary 
phases,  which  are  evidently  responsible  for  the  reduced  mag¬ 
netics  obtained  from  those  compositions  in  Fig.  S.  Second, 
nitriding  for  times  longer  than  —65  h  disproportions tes  the 
ThMnlrtype  component  into  NdN,  or-Fe,  and  other  phases; 
Fig.  5  shows  that  the  magnetic  properties  deteriorate  as  well. 


FIG.  S.  Room  temperature  remanence  B, ,  energy  product  (BH)m „ ,  and 
intrinsic  coerdvity  Hc,  of  Nd,Fe,QMo2>  Ndj.jjFe^Oj,  Nd|jFeieMo2,  and 
Ndl  45Fe]0Mo2  ribbons  melt  spun  at  t/,  =  15  m/s  as  functions  of  nitriding 
time. 
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arises  from  the  rather  broad  homogeneity  range  over  which  the  ThMn,; 
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Effect  of  milling  on  the  magnetic  and  mlcrostructural  properties 
of  Sm2Fe17Nx  permanent  magneto 
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By  ball  milling  SmjFe^N,  the  coerciwty  cm  be  increased  from  0.3  to  1.5  T.  The  coercivity 
increases  continuously  during  milling  up  to  a  time  of  about  600  min,  and  then  decreases  for  too 
intensive  ball  milling.  This  is  connected  to  particle  size  reduction  and  other  effects  like  the  increase 
in  oxygen  content  introduction  of  mechanical  stresses,  formation  of  new  grain  boundaries,  and 
amorphization  of  the  material.  Magnetic  measurements,  scanning  electron  microscopy,  as  well  as 
domain  wail  observations  indicate  that  long-time  milled  material  is  mainly  constituted  of  single 
domain  particles  and  isotropic  polycrystalline  particles  with  small  grains. 


I.  INTRODUCTION 

In  the  last  three  years  much  effort  has  been  done  to 
translate  the  excellent  intrinsic  magnetic  properties  of 
Sm2Fe|7N,  into  essential  permanent  magnet  properties  like 
remanence  and  coercivity.  A  useful  procedure  is  to  regrind 
the  powder  after  nitrogenation.  In  Ref.  1  a  coercivity  of  0.8  T 
was  achieved  by  ball  milling  Sn)2Fe,7Nx  to  a  particle  size  of 
2  to  4  pm.  In  Ref.  2  it  was  reported  that  below  5  pm  these 
particles  are  single  domain.  Theoretical  calculations  derived 
from  the  domain  width,3  4  however,  lead  to  values  of  0.3  pm 
for  the  critical  single-domain  particle  size.  Despite  of  this 
fact  it  was  found  in  Ref.  5  that  magnets  prepared  from 
Sm2Fe,7Nx  powders  additionally  milled  after  nitrogenation 
show  lower  initial  susceptibilities  and  much  higher  coercivi- 
ties  compared  to  values  obtained  for  magnets  prepared  from 
nitrogenated  powder  without  additional  milling.  This  fact 
might  be  related  to  a  single-domain  particle  behavior  or  pin¬ 
ning  of  domain  walls.  In  this  work  the  effect  of  milling  on 
microstructure  and  coercivity  will  be  focused. 


II.  EXPERIMENT 

The  Sm2Fe17  alloy  was  prepared  by  induction  melting, 
starting  from  a  Sm-rich  alloy  to  which  Fe  was  added  to 
achieve  the  desired  composition.  The  as-cast  alloy  was 
sealed  in  quartz  tubes  and  homogenized  at  1000  °C  for  seven 
days  and  then  pulverized  to  a  particle  size  less  than  20  pm 
and  nitrogenated  at  450  °C  for  5  h.  The  nitrogenated  material 
was  additionally  milled  in  a  vibration  mill  under  toluene  for 
different  times  varying  up  to  2000  min.  Magnet  samples 
were  prepared  by  fixing  the  powders  with  resin  or  Zn  bond¬ 
ing.  The  material  was  characterized  by  SEM  (scanning  elec¬ 
tron  microscopy)  and  x-ray  diffract ometry.  Magnetic  mea¬ 
surements  were  performed  on  a  vibrating  sample 
magnetometer  with  fields  up  to  8  T  and  domains  were  ob¬ 
served  by  Bitter  technique. 


m.  RESULTS  AND  DISCUSSION 

The  decrease  of  particle  size  due  to  the  additional  mill¬ 
ing  is  shown  in  Fig.  1.  For  the  not  additionally  milled  pow¬ 
der  [Fig.  1(a)]  big  particles  (3-20  pm)  showing  a  smooth 


surface  can  be  clearly  seen.  A  few  small  particles  are  also 
present.  The  number  of  these  small  particles  increases  when 
the  powder  is  milled  for  long  times  [Fig.  1(b)],  but  it  is 
difficult  to  recognize  all  of  them  as  single  particles  because 


PIO.  I.  SEM  micmgnptn  of  Sm2PetJN, .  (a)  Not  addhkmOy  nulled,  <b) 
addttaotutty  milled  toe  *00  tain,  (cl  «s*k*>er»te  a  the  powder  ikons  is  <b). 
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FIG.  3.  Bitter  patterns  of  Sm^Fe^N,  powders  (i)  before  and  (b)  after  addi- 
no.  2.  SEM  micrographs  of  resin  mourned  rod  polished  powders  from  Fig.  UomU,  mining  for  600  min. 

1 .  (a)  Not  additionally  milled,  (b)  additionally  milled  for  600  min. 


they  form  agglomerates.  From  the  SEM  micrographs  it  fol¬ 
lows  that  most  of  the  small  particles  are  3  /un  or  less  in  size. 
Sometimes  they  seem  to  be  cold  welded  and  tend  to  build 
particles  as  big  as  the  original  ones  (5-20  /im)  and  show  a 
rough  surface  [Fig.  1(c)].  SEM  observations  on  polished 
powders  show  that  the  unmilled  Sm2Fel7N,  powder  is  con¬ 
stituted  of  particles  with  sharp  edges  and  the  polished  surface 
is  smooth  and  free  of  cracks  [Fig.  2(a)].  The  corresponding 
micrographs  of  600  min  milled  powders  [Fig.  2(b)]  show 
besides  many  small  particles,  big  ones  (larger  than  3  pun) 
with  a  round  shape  and  cracklike  defects  on  the  polished 
surface.  Probably  these  ctacklike  defects  are  boundaries  be¬ 
tween  particles  which  are  joined  by  magnetostatic  forces  or 
by  cold  welding.  The  existence  of  domain  walls  in 
SmjFtpNj,  particles  of  milled  and  unmilled  powders  was 
revealed  by  the  Bitter  technique  (Fig.  3).  Domain  structures 
are  clearly  visible  in  particles  of  not  additionally  milled  pow¬ 
ders,  but  in  the  additionally  milled  state  (600  min)  they  can 
hardly  be  seen.  This  indicates  that  the  large  particles  in  Fig. 
3(b)  as  well  as  in  1(b),  1(c),  and  2(b)  are  in  reality  agglom¬ 
erated  small  particles  without  domain  walls  or  cold-welded 
particles  consisting  of  single-domain  crystallites  isotropically 
distributed. 

Figure  4  shows  the  increase  of  oxygen  content  with  mill¬ 
ing  time.  The  uptake  of  most  of  the  oxygen  occurs  in  the  first 
600  min  of  milling,  connected  with  the  creation  of  a  larger 
specific  surface  as  reported  in  Ref.  2.  After  that  only  a  small 
change  is  observed  up  to  2000  min.  By  SEM  observations  it 
is  difficult  to  distinguish  a  change  in  particles  size  after  600 
min  ball  milling,  because  of  the  agglomeration  effects.  How¬ 


ever,  the  small  change  in  oxygen  content  after  600  min  (see 
Fig.  4)  indicates  that  the  decrease  of  particle  size  might  be¬ 
come  less  intensive  after  this  milling  lime.  The  coetcivity  is 
very  sensitive  to  the  milling  time  as  can  be  seen  in  Fig.  4. 
Values  up  to  1.5  T  are  achieved  when  SmjFepN,  is  milled 
for  about  600  min.  After  tbat  a  continuous  decrease  of  coer- 
civity  is  observed.  A  well  known  effect  of  milling  regarding 
the  enhancement  in  coercivity  is  the  fragmentation  of  big 
particles  into  smaller  ones.  In  this  way  the  nudeation  centers 
present  on  the  surface  of  the  particles,  e.g.,  ar-Fe,  would  be 
isolated  in  few  subparticles,  thereby  confining  their  deleteri¬ 
ous  effect  to  a  small  fraction  of  volume.  As  a  result  of  the 
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FIG.  4.  Coercivity  rod  oxygen  content  of  additiotraily  mil led  Sm-Fe,  -N, 
powder  vs  milling  time. 
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FIG.  S.  X-ny  diffraction  patterns  of  Sm.FtpN,  powders  before  and  after 
additional  milling  for  different  time*. 


milling,  however,  not  only  the  particle  size  is  reduced,  but 
also  the  chemical  composition,  the  surface  state  as  well  as 
the  amount  of  phases  may  be  changed  and  this  can  also  af¬ 
fect  the  coercivity  The  x-ray  patterns  of  long  time  milled 
powders  (600  min),  show  broadened  x-ray  lines  (Fig.  5). 
This  line  broadening  may  be  caused  by  microstresses  and 
crystallite  size  reduction.  Considering  the  line  broadening  to 
be  caused  by  crystallite  size  reduction  and  applying  the 
Schcrrer  formula  a  crystallite  size  of  about  20  nm  was  esti¬ 
mated  for  the  600-min  milled  powder.  In  a  further  milling 
stage  (2000  min)  the  x-ray  peaks  tend  to  disappear,  indicat¬ 
ing  the  formation  of  an  amorphous  structure.  In  Ref.  6  such 
an  amorphization  effect  was  also  reported  for  nonnitroge- 
nated  SnWre]7  which  can  be  recrystallized  by  a  heat  treat- 
ment  at  700  °C.  At  such  high  temperatures  a  recrystallization 
treatment  of  Sm2Fe17Nx  is  not  possible  because  of  its  decom¬ 
position  into  SmN  and  a-Fe.  The  decrease  in  coercivity  ob¬ 
served  for  milling  times  longer  than  600  min  might  be  attrib¬ 
uted  to  this  formation  of  amorphous  material. 

From  magnetic  measurements  on  milled  and  unmilled 
Sm2Fe17N,  additional  information  can  be  obtained  which 
also  hints  to  a  refinement  of  the  size  and  microstructure  of 
the  particles  and  formation  of  material  with  partial  isotropic 
character  by  ball  milling:  First,  there  is  a  strong  decrease  of 
the  initial  susceptibility  for  magnets  prepared  with  powders 
milled  for  very  long  time  indicating  pint  ing  or  single- 


TABLE  I.  Different  texture  parameters  resulting  6cm  a  Buaiencal  fit  ot 
&  magnetization  curve*  (entltlting  l  Gaumiaa  texture  function  with  the  half¬ 
width  ffg 7).  The  Sm^trN*  powder*  wen  aligned  to  low  viaoou*  epoxy  to  a 
field  of  7.5  T.  For  comparison  the  first  and  the  laat  line  show  the  texture 
parameters  for  the  completely  aligned  and  ideally  isotropic  case*. 
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domain  particle  behavior  due  to  small  crystallite  or  particle 
size.5  Second,  samples  prepared  from  long  time  milled  pow¬ 
ders  (600  min)  by  die  pressing  in  a  field  of  2  T  show  a  poor 
degree  of  texture  (B^/8*=0.95).  Possible  reasons  are  the 
small  particle  size  which  results  in  too  low  magnetic  forces 
compared  with  the  friction  forces  during  pressing  or  the  pres¬ 
ence  of  isotropic  particles  formed  by  cold  welding.  To  get 
more  information  about  this  we  aligned  well  dispersed  pow¬ 
ders  in  low  viscous  epoxy  resin  in  a  field  of  7.5  T.  Some 
resulting  texture  parameters  for  different  milling  times  are 
shown  in  Table  I.  The  improvement  of  texture  compared 
with  the  case  of  die  pressing  shows  the  presence  of  small 
particles  which  can  be  aligned.  But  the  remarkable  decrease 
of  texture  with  increasing  milling  time  points  to  the  presence 
of  particles  with  isotropic  character  as  well. 

It  should  be  noted  that  the  enhancement  of  coercivity  by 
additional  milling,  shown  in  Fig.  4,  has  the  same  order  of 
magnitude  as  the  increase  of  coercivity  caused  by  Zn 
bonding.4  As  a  surprising  result,  however,  the  combination  of 
additional  milling  and  Zn  bonding  gives  no  improvement 
compared  to  the  coercivity  of  Sm2FenNx  powder  not  addi¬ 
tionally  milled  and  not  Zn  bonded.5 
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Magnetic  properties  of  Y(Fe,Co)10Mo2  alloys 
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The  structural  and  magnetic  properties  of  YFe10_iCo,Mo2  alloys  (0«;.«10)  have  been 
investigated  by  means  of  x-ray  diffraction,  thermomagnetic  analysis,  and  magnetometry  techniques. 
All  the  alloys  exhibited  the  tetragonal  ThMnu  structure  and  were  almost  single  phase  materials. 
With  the  increase  of  Co  content  i,  Tc  increases  initially,  reaching  a  maximum  at  x~6,  followed  by 
a  decrease  at  higher  x  values.  X-ray  diffraction  analyses  on  magnetically  aligned  samples  indicate 
that  YFe10Mo2  exhibits  an  axial  easy  direction  of  magnetization  (EDM)  at  room  temperature,  and 
the  addition  of  Co  initially  causes  the  EDM  to  deviate  gradually  from  the  c  axis  with  increasing  x 
(x«4).  On  further  increase  of  Co  content  (x»5),  the  EDM  of  the  YFe10_,CoJ,Mo2  compounds 
tends  to  become  axial  again,  reaching  a  complete  uniaxial  behavior  for  the  terminal  compound 
YCo10Mo2. 


I.  INTRODUCTION 

The  compounds  of  type  R  (Fe,  Co,  TM)12  (R=rare  earth 
or  yttrium,  TM=Tt,  V,  Cr,  Me,  Si,  etc.)1'3  have  been  a  focus 
of  numerous  studies  in  recent  years  because  of  their  potential 
applications  as  permanent  magnets.  They  crystallize  in  the 
tetragonal  ThMn,2  type  structure  with  a  space  group  of 
/4/mmm.3  In  a  previous  study,4  we  reported  that  the 
ThMn12-type  structure  is  retained  in  the  RCo10Mo2  series; 
the  3d  sublattice  favors  a  uniaxial  anisotropy,  and  the  easy 
direction  of  magnetization  (EDM)  is  along  the  c  axis  for 
R=Y,  Ce,  Pr,  Nd,  Gd,  and  Dy  at  room  temperature.  Our 
observations  of  uniaxial  anisotropy  behavior  of  YCo10Mo2  is 
at  odds  with  the  reported  results  on  the  YFe10..,&)IMo2 
series,5  where  it  was  claimed  that  the  EDM  of  the 
YFejo-jCOjMOj  compounds  is  along  the  c  axis  for  x*6, 
and  deviates  from  the  c  axis  for  xs=8.ln  order  to  clarify  this 
difference,  we  studied  the  YFem-^Co^Moj  (0«x«10)  se¬ 
ries  and  the  structural  and  magnetic  properties  of  the  com¬ 
pounds  are  presented  in  this  paper. 

H.  EXPERIMENT 

YFellwCo,Mo2  alloys  (O^x^lO)  were  prepared  by 
arc  melting  of  stoichiometric  amounts  of  the  constituent  el¬ 
ements  under  an  argon  atmosphere.  After  the  melting,  the 
samples  were  annealed  at  1000  °C  for  a  week  and  quenched 
in  water.  The  crystal  structures  of  these  alloys  were  deter¬ 
mined  by  x-ray  diffraction  using  CuKo  radiation.  For  the 
magnetic  anisotropy  studies,  the  powdered  samples  were 
fixed  in  an  epoxy  resin  in  a  magnetic  field  of  1  T.  The  EDM 
was  deduced  from  the  x-ray  diffraction  patterns  of  field- 
aligned  samples  at  room  temperature.  A  quantum  design 
SQUID  magnetometer  with  magnetic  field  up  to  5.5  T  was 
used  for  determination  of  the  saturation  magnetization  and 
anisotropy  field.  The  Curie  temperatures  were  measured  us¬ 
ing  a  Faraday  magnetometer. 

25.0  30.0  35.0  40.0  45.0  50.0 
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X-ray  diffraction  and  thermomagnetic  analyses  showed 

that  all  compounds  in  the  YFe]0  rCorMo2  series  crystallized  PIG.  1.  Comparison  of  the  x-ray  spectra  obtained  oo  random  and  aligned 
in  single  phase  with  the  ThMnlrtype  structure.  A  weak  im-  powders  for  the  YFeu^Co^Mo,  series. 


purity  peak  was  observed  for  YCo10Mo2  sample,  which  is 
identified  to  be  a  Co, Mo  phase.  Figure  1  shows  the  x-ray 
diffraction  patterns  of  random  and  magnetically  aligned 
powders  at  room  temperature  for  x  =  0,  4,  10.  The  lattice 
parameter  a  and  c  decrease  monotonically  with  the  increase 
of  Co  content  x,  as  shown  in  Fig.  2.  This  would  indicate  that 
the  Co  atoms  are  incorporated  in  the  1:12  phase  and  readily 
substitute  for  Fe  atoms  in  the  whole  composition  range. 

The  Curie  temperature  values  as  a  function  of  Co  con¬ 
tent  x  are  summarized  in  Table  I  and  plotted  in  Fig.  3.  With 
the  increase  of  the  Co  content,  Tc  initially  increases  at  the 
rate  of  ~45  K  per  substituted  Co  atom,  reaching  a  maximum 
value  of  610  K  at  x~6,  and  then  decreases  almost  linearly  to 
470  K  at  x  =  1 0.  This  behavior  is  similar  to  that  observed  in 
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FIO.  2.  Hie  lattice  parameters  a  and  c  across  the  YFe|0_,Co,Mo2  series. 


(he  YFeio-jCo^V.  series6  but  contrasts  with  that  reported  by 
Chin  Lin  et  at.5  for  the  YFe,0_jtCo.(Mo2  series.  The  behavior 
of  Curie  temperature  in  the  YFe,„_ICo,Mo2  series  also  sug¬ 
gests  that  Co  atoms  probably  substitute  preferentially  at  the 
Fe  sites,  where  a  negative  exchange  interaction  is  involved  in 
the  ThMn,,  structure.  It  is  interesting  to  note  that  the  Curie 
temperatures  of  YFe10_,Cq,Mo2  series  are  relatively  low  as 
compared  to  those  of  YFe,0_ICo,V2  series.6 

The  dependence  of  saturation  magnetization  <r,  on  the 
Co  fraction  x  in  the  YFe^.^Co^Mo,  series  (at  room  tem¬ 
perature)  is  displayed  in  Fig.  4.  Increasing  the  Co  content 
leads  initially  to  an  increase  in  <rs,  giving  a  maximum  at 
x">2,  followed  by  a  subsequent  decrease.  The  occurrence  of 
a  maximum  in  a, ,  which  is  well  known  for  the  Fe-Co  bi¬ 
naries,  appears  to  be  a  characteristic  property  of  R-Fe- 
Co-M  alloys  as  well.  The  values  of  saturation  magnetization 
(<rs)  at  300  K  are  listed  in  Table  I.  Included  in  Table  I  are  the 
values  of  the  corresponding  saturation  moment  ( Ms )  and  the 
values  of  the  corresponding  moments  per  3d  atom  (n }J).  As 
shown  in  Table  I,  the  average  3d  moment  decreases  mono- 
tonically  for  x>2  as  more  Co  is  introduced  into 
YFei0..,Co,Mo2.  The  3d  moment  is  0.79 fit  for  x  =  0  (Fe 
moment)  and  0.57  fig  for  x=  10  (Co  moment).  The  Co  mo- 


TABLE  I.  Magnetic  charactei'stics  of  YFcr)  ,Co, Mo,  compounds.  The 
values  of  the  saturation  magneuza'ioo  o, ,  magnetic  moment  Af ,,  and  mag¬ 
netic  moment  per  3d  site  /i  are  taken  at  300  K. 


X 

not) 

(T, 

(Am2/kg) 

M, 

(flgtf.U.) 

Hu 

W  3<0 

0 

350 

52.4 

7.87 

0.79 

2 

470 

74.3 

11.23 

1.12 

4 

570 

67.8 

10.33 

1.03 

6 

610 

63.7 

9.77 

0.98 

8 

550 

54.6 

8.44 

0.84 

to 

470 

36.6 

5.70 

0.57 

FIG.  3.  Curie  temperature  as  a  function  of  a  in  the  YFc,„.  ,Co,Mo,  series. 


ment  in  this  series  is  much  lower  than  the  corresponding 
values  in  Co  metal,  RCo5,  R2Col7,  and  R2Co„B.7 

By  comparing  the  intensity  ratios  of  the  (002)  and  (400) 
peaks  in  the  x-ray  diffraction  patterns  of  random  and  aligned 
powders,  the  direction  of  easy  magnetization  (EDM)  was 
determined  at  room  temperature.  As  shown  in  Fig.  I  (top), 
the  YFe10Mo2  (x=0)  compound  exhibits  an  axial  EDM. 
This  behavior  is  attributed  to  the  uniaxial  anisotropy  of  the 
Fe  sublattice,  since  Y  is  a  nonmagnetic  element.  With  the 
addition  of  Co,  the  EDM  of  YFe,0  jCOjMov  deviates  gradu¬ 
ally  from  the  c  axis.  This  is  indicated  by  the  increase  of  the 
intensity  ratio,  lim/!oo2 .  with  increasing  Co  content  in  the 
aligned  patterns  for  r«4  (Fig.  5).  With  further  increase  of 
Co  content  (*s*6),  the  EDM  of  the  YFe]0  ,05, Mo,  com¬ 
pounds  tends  to  change  back  to  the  c  axis,  as  indicated  by  the 
decrease  of  the  /4m|//002  ratio.  The  terminal  compound 
YCo)0Mo2  exhibits  a  complete  uniaxial  anisotropy,  as  seen 
in  Fig.  1  (bottom).  These  results  suggest  that  the  Co  sublat¬ 
tice  exhibits  a  uniaxial  magnetocrystalline  anisotropy  in 
YO^pMo,.  Sinha  el  al.  observed  a  similar  trend  in  the 
GdFe, ,  -  jCOjTi  series.8  To  understand  the  3d  anisotropy  be¬ 
havior  in  the  YFe10_iCoIMo2  system,  one  has  to  consider 


FIG.  4.  Saturation  magnetization  at  300  K  as  a  function  of  a  in  the 
YFC|(,_1CoIMt>;  series. 
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FIG.  S.  Intensity  ratio  of  (400)  and  (002)  peaks  in  x-ray  patterns  of  aligned 
powders  as  a  function  of  x  in  tbe  YFc10  ,Co,Mo-  series. 


the  possibility  of  the  preferential  substitution  of  the  Co  atoms 
for  the  Fe  atoms  at  different  sites  and  the  competition  of  the 
anisotropies  among  the  different  3 d  sites  (8 /,  8i,  and  8;').  A 
study  of  such  a  preferential  site  occupation  has  been  per¬ 


formed  on  the  YFe10_ICo,Mo2  series  using  neutron  diffrac¬ 
tion  technique  v  This  study  confirms  the  preferential  substi¬ 
tution  of  Co  at  various  sites  and  is  consistent  with  the 
uniaxial  anisotropy  behavior  reported  here  for  YCol0Mo:. 
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Experimental  tests  have  shown  that  macroscopic  multilayer  thin  films  excited  by  high-frequency 
magnetic  field  present  permeance  resonances.  This  unexpected  behavior  exists,  even  if  the  thickness 
of  the  magnetic  films  is  smaller  than  the  skin  depth:  in  fact,  for  this  condition,  eddy  currents  within 
laminated  magnetic  sample  should  be  inhibited.  This  phenomenon  can  be  justified,  observing  that, 
for  small  thickness  of  the  insulating  interlayer,  capacitive  eddy  currents  across  the  dielectric  layers 
begin  to  circulate  between  magnetic  films.  To  predict  the  displacement  eddy  currents  in  macroscopic 
magnetic  laminates  some  authors  have  provided  various  computational  models  based  on  different 
theoretical  approaches.  In  particular,  the  computation  of  the  effective  complex  permeability  has 
been  pointed  out  by  means  of  coupled  Maxwell’s  equations,  both  in  differential  form  and  in  an 
integral  one.  In  a  previous  work  we  have  proposed  and  validated  a  circuit  model  able  to  simulate  the 
behavior  of  magnetic  samples  in  the  frequency  domain.  In  this  paper  we  present  an  extensive 
comparative  analysis  between  our  model  and  the  previous  ones.  The  calculations  provide  the 
magnitude  and  the  phase  of  the  effective  permeability  of  a  laminate  with  30  permalloy-Zi02  film 
pairs.  The  simulations  have  been  performed  over  the  frequency  range  of  1-100  MHz  and  for 
different  geometries.  The  results  of  the  simulations  have  been  also  compared  with  those  provided  by 
experimental  tests  available  in  literature.  The  main  goal  of  this  study  is  to  evaluate  the  performance 
and  reliability  of  each  model. 


INTRODUCTION  shown  in  Fig.  2.  Applying  the  loop  analysis  in  the  frequency 

domain,  the  effective  complex  permeability  can  be  deter- 
The  magnetic  sample  of  thin  film,  considered  in  this  mined  relating  the  external  magnetic  held,  W0,  to  the  average 

work,  is  shown  in  Fig.  1.  The  behavior  of  this  laminate  has  total  magnetic  field,  H„ ,  as  pointed  out  in  the  Appendix.  The 

been  investigated  by  Webb  et  al.  in  Ref.  1.  The  experimental  present  version  of  our  calculation  code  permits  us  to  partition 

tests  described  in  that  pi  ;  have  shown  permeance  reso-  the  magnetic  objects  along  the  Y  axis  (this  capability  is  not 

nances  in  the  range  1-100  MHz,  while  electrical  shorting  at  yet  actuated  on  the  circuit  model  in  Ref.  3).  In  addition,  as  it 

the  film  edges  can  cause  the  anomalies  observed  by  Feng  and 
Thompson  in  Ref.  2.  The  measurements  seem  to  be  reason¬ 
ably  acceptable,  although,  as  supposed  by  the  authors,  both 
residual  electrical  shorting  and  interlayer  optical  thickness, 
smaller  than  assumed,  have  introduced  some  unforeseen  be¬ 
havior.  In  Ref.  1  the  authors  have  simulated  the  responses  of 
tested  objects  using  an  anisotropic  effective  medium.  Assum¬ 
ing  a  two-dimensional  (2D)  approach  and  applying  a  mean- 
field  approximation,  the  high-frequency  performances  of  the 
magnetic  samples  have  been  numerically  computed,  solving 
the  wave  equation  for  anisotropic  film  by  means  of  a  Fourier 
series  expansion.  Then  Walser  et  aL  in  Ref.  3  proposed  a 
circuit  model  deduced  from  the  coupled  Maxwell’s  equations 
in  integral  form.  The  equivalent  network  excited  by  an  ideal 
current  source,  representative  of  the  external  applied  field,  is 
solved  using  the  loop  analysis.  The  effective  permeability  is 
computed  relating  the  average  mesh  current  (including  all 
displacement  eddy  currents)  to  the  current  source  (propor¬ 
tional  to  the  applied  field).  Recently  we  have  introduced  a 
new  circuit  model  to  evaluate  the  displacement  eddy  current 
effects  in  high-frequency  devices.4  The  proposed  model  con-  p,G  Schematic  view.  geometry,  and  electromagnetic  characteristics  of 
sists  of  an  equivalent  lumped  parameter  network  defined  as  the  laminated  object  under  analyst'. 
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FIG.  2.  Equivalent  electrical  network  of  the  magnetic  laminate. 
Z,=p  V(I,  /«),  Z»=Ip  3  V(l,  l,)|->[2  V(<u  *■/,  /,)]  and 
i,=lp-2-Wi,i,)]t/|2i;(.f/,.i,)|. 


is  possible  to  deduce  from  Fig.  2  the  model  can  be  easily 
extended  to  simulate  shorting  at  the  film  edges. 

COMPARATIVE  ANALYSIS 


Experimental  data  and  responses  of  the  anisotropic  ef¬ 
fective  medium  model  have  been  drawn,  referring  to  the 
plotted  values  in  Ref.  2.  While  the  results  provided  by  the 
circuit  model  in  Ref.  3  have  been  reproduced  using  a  custom 
code  developed  by  the  authors.  The  reliability  of  the  numeric 
results  has  been  verified,  comparing  the  calculations  with  the 
values  in  Ref.  3.  Figures  3-6  show  the  results  of  the  simu¬ 
lations  executed.  Both  circuit  models  require  the  same 
memory  resources  and  computing  power.  In  addition,  they 
present  an  equal  degree  of  reliability  with  respect  to  the  ex¬ 
perimental  data.  The  anisotropic  effective  medium  model 


FIG.  4.  Permeance  resonance  (magnitude  and  phase)  for  -3.0X10  3  m. 

presents  more  accurate  results  than  the  circuit  ones.  It  is  able 
to  simulate  multiple  resonances  even  if  it  requires  an  appre¬ 
ciable  time  for  code  regulation  and  for  computations.  By 
partitioning  the  sample  our  code  runs  slower,  but,  at  the  same 
time,  the  results  obtained  using  this  improvement  fit  the  ex¬ 
perimental  data  in  a  more  accurate  way.  Preliminary  analysis, 
not  reported  here,  provides  very  hopeful  results:  we  have 


FIG.  3.  Permeance  resonance  (magnitude  and  phase)  for  (,=2.0xur3  m.  FIG.  5.  Permeance  resonance  (magnitude  and  phase)  for  fr=5.0xi(r3  m. 
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FIG.  6.  Permeance  resonance  (magnitude  and  phase)  for  /,=  12.0X10“ 3  m. 

obtained  multiple  resonances,  as  in  Ref.  2.  The  discussion 
about  these  results  will  be  presented  in  a  future  work,  after  a 
more  accurate  test  of  the  model  to  verify  its  sensibility  to 
parameter  variations. 

CONCLUSIONS 

The  comparative  analysis  presented  in  this  paper  shows 
that  all  proposed  models  are  in  good  agreement  with  experi¬ 
mental  tests.  The  anisotropic  effective  medium  model  pro¬ 


vides  a  best  fitting  of  the  measured  values,  in  fact,  it  is  able 
to  simulate  multiple  resonance  phenomena.  In  spite  of  this, 
we  think  that  a  circuit  approach  has  the  major  advantage  of 
being  simple  to  implement  in  a  flexible  calculation  code  able 
to  provide  fast  and  reliable  simulations  of  the  magnetic  lami¬ 
nates.  As  last  remarks,  we  underline  that  our  circuit  model 
seems  to  be  more  intuitive  and  easier  to  implement  than  the 
other  circuit  model. 

APPENDIX 

The  mesh  equations  are 

[Z.X'.ME.l.  (Al) 

with  [£«]  =  [£o„]  +  [£.„]  =  [£oJ  -  and 

then 

{[Z»]+>4AJ}[/„]  =  [£oJ,  (A2) 

where  [£0  ]  are  the  electromotive  forces  due  to  H0,  [E,  ] 
are  the  electromotive  forces  induced  by  displacement  eddy 
currents,  [Am]  is  a  diagonal  matrix  representative  of  induced 
effects.  The  mean  value  of  the  effective  complex  permeabil¬ 
ity  is  given  by 

s(l+^).  (A3) 

#*dc  «o  N—l  \  H0  I 

For  more  details  about  these  equations,  refer  to  the  discus¬ 
sion  proposed  in  Ref.  4. 
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In  the  paper,  impedance  boundary  conditions  are  represented  in  terms  of  scalar  magnetic  potential. 

This  leads  to  a  scalar  magnetic  potential  formulation  of  three-dimensional  (3-D)  eddy  current 
problems  with  small  skin  depths.  The  scalar  potential  formulation  is  then  reduced  to  a  weak 
Galerkin  form.  The  finite  element  discretization  of  this  form  results  in  two  (volume  and  surface) 
"stiffness”  matrices.  This  approach  completely  avoids  vectorial  calculations  in  3-D  eddy  current 
analysis. 


I.  INTRODUCTION 

Methods  for  the  solution  of  three-dimensional  (3-D) 
eddy  current  problems  have  been  the  focus  of  considerable 
research  in  past  years.1  It  has  been  gradually  realized  that 
different  approaches  have  to  be  exploited  for  the  problems 
with  very  small  skin  depths  and  the  problems  with  skin 
depths  comparable  to  geometric  dimensions  of  conductors. 
For  the  latter  class  of  problems,  a  new  iterative  technique  for 
computing  3-D  eddy  currents  has  been  recently  suggested.2 
As  far  as  the  first  class  of  problems  is  concerned,  the  use  of 
impedance  boundary  conditions  has  proved  to  be  very  attrac¬ 
tive.  These  impedance  boundary  conditions  can  be  expressed 
as  follows: 

nxE=Z(nxH)x*t,  (1) 

where  E  and  H  are  phasors  of  electric  and  magnetic  fields, 
respectively,  n  is  a  unit  vector  of  outward  normal  to  the 
conductor  boundary,  and  Z  is  a  surface  impedance. 

In  the  case  of  small  skin  depths,  electromagnetic  fields 
within  conductors  are  closely  concentrated  near  conductor 
boundaries  and  can  be  construed  as  boundary  layers.  This 
suggests  that  eddy  current  problems  with  small  skin  depths 
belong  to  the  class  of  singularly  perturbed  problems.  For  this 
reason,  the  impedance  boundary  conditions  have  long  been 
justified  by  using  the  perturbation  analysis.  This  approach 
can  be  traced  back  to  file  paper  of  Rytov.3  The  impedance 
boundary  conditions  have  been  widely  used  in  field 
computations,1  and  their  acceptance  has  reached  the  point 
that  they  are  now  presented  in  textbooks.4 

By  using  impedance  boundary  conditions  (1),  one  can 
completely  avoid  laborious  calculations  of  electromagnetic 
fields  within  conductors.  In  this  way,  the  3-D  eddy  current 
problems  can  be  reduced  to  the  boundary  value  problems  in 
regions  that  are  exterior  to  conductors.  The  magnetic  field  in 
these  regions  can  be  characterized  in  terms  of  scalar  mag¬ 
netic  potential.  This  makes  it  very  desirable  to  represent  the 
impedance  boundary  conditions  in  terms  of  the  same  poten¬ 
tial.  If  this  is  accomplished,  then  the  entire  problem  can  be 
reduced  to  the  calculation  of  scalar  magnetic  potential,  and 
vectorial  computations  can  be  completely  avoided.  To  this 
end,  we  shall  next  discuss  the  magnetic  field  formulation  of 
impedance  boundary  conditions  (1). 


II.  H-FORMULATTON  OF  IMPEDANCE  BOUNDARY 
CONDITIONS 


To  arrive  at  this  formulation,  we  introduce  orthogonal 
curvilinear  coordinates  r,,  r2,  and  n.  These  coordinates  are 
such  that  T]-  and  r2-coordinate  lines  lie  on  the  conductor 
boundary  S,  while  n-coordinate  lines  are  normal  to  S.  Let 
a,,  a2,  and  a3  be  the  triad  of  orthogonal  unit  vectors  that  are 
tangent  to  the  r,-,  r2-,  and  n-coordinate  lines  through  any 
given  point  P  and  that  form  a  right-handed  set  in  this  order. 
Also  let  hl,h2,  and  h3  be  the  corresponding  metrical  coef¬ 
ficients.  The  introduced  curvilinear  coordinates  will  be  ex¬ 
tensively  used  in  subsequent  derivations.  However,  the  final 
finite  element  formulation  will  contain  no  traces  of  these 
coordinates;  in  this  sense  it  will  be  coordinate  invariant. 

By  using  the  introduced  curvilinear  coordinates,  the  im¬ 
pedance  boundary  conditions  (1)  can  be  represented  as  fol¬ 
lows: 


ETi  =  -ZHT2,  Et=ZHTi  (2) 

We  shall  next  use  the  Maxwell  equation, 

curl  E=  -;w/i0H,  (3) 


whose  n  component  can  be  written  as  follows: 


hk  (k  <**•>>-£  (M„)J  =  -,W. 

By  substituting  (2)  into  (4),  we  derive 


(4) 


off.—  (£  (M*/,.)+£  (*r**4 

(5) 

The  last  expression  is  the  H-reprcscntation  of  impedance 
boundary  condition  (1).  To  better  understand  the  physical 
meaning  of  the  right-hand  side  of  (5),  we  shall  need  some 
machinery  of  the  vector  field  theory  on  curvilinear  surfaces 
(manifolds).  This  theory  has  already  been  used  successfully 
for  eddy  current  analysis.5,6  To  make  this  paper  self- 
contained  and  easily  readable,  we  shall  present  below  some 
selected  and  relevant  facts  from  this  theory. 

Consider  some  vector  field  c  that  is  tangential  to  a  cur¬ 
vilinear  surface  S.  We  shall  next  introduce  the  notion  of  di¬ 
vergence  of  vector  field  c  on  S.  Consider  an  arbitrary  point  P 
on  S  and  a  closed  path  L  on  S  that  contains  P.  Let  9  be  a 
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It  is  evident  from  (14)  that  the  magnetic  field  in  V  can  be 
represented  as  follows: 

H=H°-grad  ?,  (17) 

where  H°  is  the  magnetic  field  crested  by  given  currents 
under  the  assumption  that  the  entire  space  is  uniform  ami  has 
magnetic  permeability  hq.  It  is  clear  that  H°  can  be  com¬ 
puted  by  using  the  Bjot-Savart  law,  although  some  other 
(computationally  more  efficient)  choices  of  H®  can  be  devel¬ 
oped  for  complicated  current  distributions. 

By  using  (17),  the  boundary  value  problem  (14)— (16)  for 
H  can  be  reduced  to  the  following  boundary  value  problem 
for  scalar  magnetic  potential  <p: 

V2<p=0,  in  V~,  (18) 

dtp  j 

- - divs(Zgrads  g>) 

in  a>(i0 

=H? — —  <fivs(ZH®),  on  S.  (19) 

"  <«Mo 

Next,  we  shall  reduce  this  boundary  value  problem  to  the 
weak  Galerkin  form.  To  do  this,  we  employ  the  Green’s  for¬ 
mula, 

(d'V2  tp+grad  ^  grad  tp)dV= 

-§  *2 dS  (20> 


If  the  conductor  is  homogeneous,  then  the  surface  impedance 
Z  is  constant  along  the  boundary  S,  and  the  weak  form  (22) 
can  be  somewhat  simplified: 

/  j  j  **+*"-£  I  fw** 

v~  s 

— $  **«*<)"■  (23) 
s 

The  weak  Galerkin  form  (23)  [as  well  as  (22)]  can  be  used 
for  the  derivation  of  finite  element  equations.  This  derivation 
is  quite  straightforward  and  proceeds  as  follows.  We  look  for 
the  approximate  solution  in  the  form 

N 

<Ptat>  (24) 

4-1 

where  ^  are  the  unknown  values  of  tp  in  mesh  points  of 
some  finite  element  mesh,  while  ak  are  node-based  finite 
element  functions.  By  substituting  (24)  into  (23),  and  by  as¬ 
suming 

(i  =1,2 . AT),  (25) 

we  end  up  with  the  following  finite  element  equation: 

2  t.l  j  J 

l  "  *  / 


In  (20),  as  well  as  in  (19),  <Hdn  denotes  differentiation  with 
respect  to  inward  normal  with  regard  to  V~.  By  using  Eq. 
(18)  and  boundary  condition  (19)  in  (20),  we  obtain 

J  J  J  Vtft-Vtp  dv+^~  t/t  divs(Z  grads  tp)dS 
v~  s 

$  (Mi vs(ZH°r)<fS-(jjj  1>H°ndS.  (21) 


Now,  we  shall  use  the  expression  (13)  in  order  to  transform 
the  surface  integrals  in  (21).  This  leads  us  to  the  following 
weak  Galerkin  form: 

j  j  j  dV-  ~  Z  Vs*-Vsf,  dS 


-§ 


—§  [a<H°-+^0zv^ds 

s 

(i=l,2 . N).  (26) 

A  remarkable  feature  of  these  equations  is  that  the  contribu¬ 
tion  of  surface  integrals  into  the  overall  matrix  of  finite  ele¬ 
ment  equations  is  very  similar  in  the  form  to  the  contribution 
of  volume  integrals.  For  this  reason,  the  submatrix  formed  by 
the  surface  integrals  in  (26)  can  be  called  “surface  stiffness 
matrix.”  Its  assembly  will  be  very  similar  to  the  assembly  of 
volume  stiffness  matrix.  This  suggests  that  the  numerical 
implementation  of  the  discussed  technique  may  require  very 
little  new  software  development 
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In  the  three-dimensional  (3-D)  eddy  current  calculations,  the  obtaining  of  an  accurate  numerical 
solution  with  reasonable  size  and  less  computation  efforts  is  still  undertaken  in  many  recent  articles. 

Nowadays,  such  a  solution  becomes  urgently  required  for  designing  and  developing  the 
electromagnetic  confinement  application,  where  the  problem  is  not  only  3-D  but  also  involves  more 
than  one  conducting  region  having  a  free  boundary  that  is  unknown  a  priori.  For  this  class  of 
applications,  the  present  paper  is  devoted  to  discuss  the  developing  of  a  3-D  iterative  solution 
proposed  for  the  analysis  of  an  electromagnetic  continuous  casting  (EMC)  of  an  aluminum 
rectangular  ingot  installed  in  the  Egyptaium  Company.  This  solution  is  based  on  a  derived  3-D 
Boundary  Element  (BE) — Impedance  Boundary  Condition  (IBC)  formulation,  which  leads  to  a 
significant  reduction  in  the  CPU  time  and  the  calculation  efforts,  as  compared  to  the  use  of  the 
regular  BE  formulation.  In  the  present  iterative  solution,  the  IBC  is  applied  to  the  resistively  molten 
aluminum  region,  while  the  full  BE  formulation  is  used  to  present  the  field  shaping  screen.  The 
validity  of  this  iterative  solution  is  tested  by  predicting  the  equilibrium  meniscus  shape  of  the  free 
surface  for  an  EMC  mold  having  the  size  of  1050X280  mm  for  which  experimental  measurements 
for  both  the  meniscus  and  the  total  active  power  supplied  are  available.  Numerical  results  showing 
the  magnetic  flux  density  distributions  over  the  boundaries  of  this  mold  are  presented.  The 
corresponding  total  surface  power  induced  are  estimated  and  compared  with  the  corresponding 
actual  (experimental)  values.  Also,  the  meniscus  of  the  molten  aluminum  free  surface  is  predicted 
and  compared  as  well. 

The  basic  concept  of  the  electromagnetic  casting  (EMC) 
application  is  that  the  electromagnetic  forces  are  used  to  con¬ 
fine  a  free-standing  column  of  molten  metal  while  a  surface 
layer  freezes.  The  analysis  of  this  application  is  not  a  simple 
one,  since,  electromagnetically,  it  is  a  multiple-conducting 
regions  problem  and  it  cannot  be  solved  unless  the  shape  of 
the  free  boundary  is  reliably  known.  Very  little  work  has 
been  done  to  date  in  the  field  of  simulating  this  class  of 
problems.  Lavers  and  Ramadan1'2  introduced  a  2-D  iterative 
solution  based  on  a  Boundary  Element-Impedance  Bound¬ 
ary  Condition  formulation  derived  for  the  analysis  of  an  elec¬ 
tromagnetic  caster  producing  billets.  A  variety  of  numerical 
results  showing  the  effects  of  the  supply  frequency  and  the 
location  of  the  electromagnetic  screen,  in  the  free  space  with 
respect  to  the  induction  coil,  on  the  equilibrium  free  surface 
shape  were  presented.  Li  and  Evans3  presented  a  3-D  nu¬ 
merical  solution  based  on  the  Surface  Integral  technique  for 
the  analysis  of  a  CREM  caster.  The  solution  relied  upon  the 
introduction  of  imaginary  magnetic  surface  charges  to  sim¬ 
plify  die  otherwise  complicated  calculation  of  the  3-D  elec¬ 
tromagnetic  fields.  Recently,  a  3-D  Finite  Element  method 
has  been  developed4  to  predict  the  free  surface  shape  of  mol¬ 
ten  metal  in  an  electromagnetic  melting  system.  This  solu¬ 
tion  was  applied  to  obtain  the  free  surface  shape  of  molten 
metal  in  a  cold  crucible. 

In  the  present  paper,  a  3-D  Boundary  Element- 
Impedance  Boundary  Condition  (BE-IBC)  formulation  is 
derived  for  the  analyse  of  an  EMC  mold  installed  in  the 
Egyptaium  Company.  The  surface  integral  equations  appear¬ 


ing  in  this  formulation  are  given  in  the  form  of  two- 
dimensional  Fredholm  integral  equation  of  the  second  kind. 
A  3-D  iterative  solution  based  on  this  formulation  is  devel¬ 
oped  for  the  magnetic  field  calculations,  as  well  as  the  free 
surface  estimation.  Numerical  values  for  the  total  surface 
power  induced  and  the  corresponding  free  surface  shape  are 
given  and  discussed.  The  validity  of  this  solution  is  tested  by 
comparing  these  numerical  values  with  the  corresponding 
experimental  values. 

The  basic  configuration  of  the  electromagnetic  continu¬ 
ous  casting  considered  is  schematically  illustrated  in  Fig.  1. 
It  contains  an  electromagnetic  mold,  a  metal  feed  system. 


FIG.  1.  Basic  configuration  of  the  present  EMC  as  follows:  (1)  the  inductor, 
(2)  the  riag- shaped  coder,  (3)  the  screen,  (4)  the  melt  feed  channel,  (3)  the 
tUsUlbution  box,  (6)  the  floating  cup,  (7)  the  pan. 
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and  a  casting  machine  with  a  pan.  The  electromagnetic  mold 
consists  of  (1)  an  inductor  carrying  an  alternating  current  to 
produce  the  required  time-harmonic  magnetic  field;  (2)  a 
ring-shaped  cooler  to  freeze  the  wall  side  of  the  melt:  and  (3) 
a  field  shaping  turn  (electromagnetic  screen)  for  correcting 
the  electromagnetic  field  distributions  on  the  molten  metal 
zone  surface.  The  metal  feed  system  contains  (4)  a  channel 
through  which  the  melt  is  fed  into  the  distribution  box:  (5)  a 
distribution  box  to  control  the  Sow  of  the  melt;  and  (6)  a 
floating  cup  for  maintaining  a  constant  level  for  the  molten 
metal  surface  inside  the  EMC  mold.  The  pan  is  usually  used 
to  form  the  bottom  portion  of  the  ingot,  to  stabilize  the  cast¬ 
ing  process  in  the  instant  of  Starting,  and  it  is  also  considered 
as  its  support  throughout  the  casting  process. 

In  the  last  decade,  die  Boundary  Element  (BE)  technique 
has  been  successfully  used  to  obtain  an  accurate  numerical 
solution  for  a  relatively  broad  range  of  eddy  current  prob¬ 
lems.  As  compared  with  either  the  Finite  Element  (FE)  or  the 
Finite  Difference  (FD),  the  BE  approach  has  advantages  in 
handling  open  boundary  problems  and  eddy  current  applica¬ 
tions  where  detailed  field  distributions  are  not  required  over 
the  entire  problem  geometry.  Also,  the  implementation  of  the 
Impedance  Boundary  Condition  in  the  BE  technique,  when 
electromagnetic  penetration  depth  is  shallow  wrt  the  geom¬ 
etry  dimensions,  will  significantly  reduce  the  computation 
time  and  the  calculation  efforts.  Finally,  the  main  advantage, 
though,  is  the  ease  with  which  the  Integral  Equation  formu¬ 
lation  then  lends  itself  to  numerical  treatment. 

In  the  present  paper,  a  3-D  Boundary  Element  (BE)- 
Impedance  Boundary  Condition  (IBC)  formulation  is  derived 
for  the  free  surface  shape  and  magnetic  field  calculations  of 
the  EMC  mold  considered.  In  this  formulation,  the  IBC  is 
applied  to  the  resistively  molten  aluminum  region,  where  the 
electromagnetic  penetration  depth  is  shallow,  while  the  full 
BE  formulation  is  used  to  present  the  field  shaping  turn.  The 
resulting  BE-IBC  formulation  is  obtained  as  follows: 

+  ^-am(v)+~  l'm2U i,xH((V)]) 

ii2ft,-£J(9)-t-L»,.HJ(iy),  (1) 


-70-£iJj)-)HI(tr), 

where  the  subscripts  m  and  s  stand  for  the  aluminum  and  the 
field  shaping  turn  regions,  respectively,  the  superscript  i 
stands  for  the  incident  values  of  H  or  £,  the  free  space  re¬ 
gion  is  denoted  by  ft-,  |  and  ?  are  position  vectors  at  the 
observation  and  integration  points,  respectively,  c  is  an  arbi¬ 
trary  unit  vector,  and  the  integral  operators  are  defined  in 
terms  of  the  vector  Green’s  function  6  as 

I<,,U(  *>  =  ({[»,*  U(  *>HV,xG(fe  ,)]}*„ 

Li2)U(  ry)  =  jtf  i,x  V(  *)]•[ ♦  ,*  V  xGffe  *)]}</*„ . 

Also,  the  parameters  shown  in  these  equations  are  defined  as 
Z=ja>fL  and  Y=  while  the  surface  impedance  is 

defined  as  7J=<u^fi(l -j')/2. 

As  is  well  known,  the  shape  of  the  free  surface  is  gov¬ 
erned  primarily  by  the  balance  of  the  EM  pressures  against 
pressures  due  to  gravity. u  Therefore,  at  each  point  on  the 
free  surface,  the  equilibrium  equation  may  be  summarized  as 

Pm=Ygh. 

where  y  is  the  molten  aluminum  density,  g  is  the  gravita¬ 
tional  force,  A  is  the  static  head,  and  Pm  is  the  EM  pressure, 
which  can  be  defined  as 

This  pressure  can  support  a  static  head  (e.g.,  as  in  a  confine¬ 
ment  application),  but  cannot  do  work  (e.g.,  as  in  stirring  the 
molten  metal).  It  is  important  to  note  that  in  the  round  mold, 
the  stirring  force  also  contributes  to  the  total  electromagnetic 
pressure  when  the  electromagnetic  penetration  depth  is  large 
relatively  to  the  conductor  dimensions;  i.e.,  when  there  is  full 
penetration  of  the  magnetic  flux. 

As  is  well  known,  the  shape  of  the  meniscus  has  to  be 
computed  iteratively  for  the  present  EMC  mold.  For  this  pur¬ 
pose,  an  iterative  procedure,  based  on  the  3-D  BE-IBC  for- 
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FIG.  3.  The  fax  deaaity  datribotian  aloof  the  XZ  contour. 


m illation,  was  developed.  This  procedure  is  applied  to  esti¬ 
mate  the  resulting  free  surface  shape  as  well  as  the 
corresponding  magnetic  flux  distributions  and  the  total  sur¬ 
face  power  induced  over  the  boundaries  of  the  EMC  mold 
considered  in  Fig.  1. 

In  the  present  solution,  the  effect  of  the  surface  tension  is 
neglected,  where  its  value  is  comparably  very  small  with 
respect  to  the  resulting  EM  pressure  value.  The  induction 
coil  is  supplied  with  an  AC  current  of  13  500  at  1975  Hz. 
The  casting  ingot  is  dimensioned  as  1050x280  mm  and  the 
electrical  conductivity  of  the  different  parts  are  valued  as 
follows:  The  melt  region:  0.406X  107/nm;  the  ingot  region: 
0.12X10*/flm;  the  screen  region:  0.1333  X107/flm. 

The  z  component  of  the  flux  density  distributions  are 
predicted  for  the  present  EMC  mold.  The  numerical  results 
obtained  are  plotted  on  three  different  planes  shown  in  Fig.  5 
as  the  YZ  plane,  the  XZ  plane,  and  the  Z  plane,  which  are 
defined  by  the  contours  aehd,  abed,  and  cgh,  respectively. 
Figures  2-4  show  the  flux  density  on  these  different  planes. 


B-Z 
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FIG.  3.  The  estimated  ingot  shape  of  the  mold. 


Figures  2  and  3  show  that  the  peak  value  of  the  magnetic 
flux  density,  in  the  presence  of  the  field  shaping  turn,  still 
occurred  at  the  center  of  the  inductor,  because  the  lower  tip 
of  this  turn  was  placed  at  5  mm  above  the  center  of  tire 
inductor.  Figure  4  shows  that  the  magnetic  flux  density  at  the 
sharp  edge  is  comparably  larger  than  its  value  at  either  sides 
of  the  ingot.  The  estimated  free  surface  shape  for  this  mold  is 
shown  in  Fig.  5.  It  was  found  that  four  iterations  were  re¬ 
quired  to  obtain  the  final  meniscus  shape.  The  height  of  the 
meniscus  and  the  radius  of  curvature  were  55  and  26  mm, 
compared  with  the  corresponding  measured  values  of  50  and 
25  mm,  respectively.  Finally,  the  supplied  total  active  power 
was  calculated  for  the  different  parts  of  this  mold  and  dis¬ 
tributed  as  follows:  Ingot  and  screen  (calculated):  046.00 
kW;  inductor  (calculated):  019.67  kW;  transformer  (calcu¬ 
lated):  006.00  kW  (copper  only);  and  total:  071.70  kW.  The 
total  active  power  measured  in  the  company  for  this  parts 
was  76.5  kW. 

A  3-D  iterative  solution  was  developed  for  the  analysis 
of  an  electromagnetic  caster  producing  an  aluminum  ingot  of 
rectangular  cross  section.  This  solution  was  used  for  the 
magnetic  field  and  free  surface  shape  calculations  of  an  EMC 
mold  installed  in  the  Egyptalum  Company.  The  validity  of 
this  solution  was  tested  by  predicting  the  free  surface  shape 
and  the  corresponding  numerical  values  for  the  total  active 
power  of  this  mold  for  which  actual  (experimental)  values 
were  available.  The  comparison  between  the  predicted  values 
and  the  corresponding  experimental  values  showed  that  the 
accuracy  of  the  solution  is  very  satisfactory. 
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MocMug  and  analysis  of  alactric  and  magnatlc  couptad  proMsms  under 
nonHnear  conditions 
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la  dm  paper  the  authors  define  a  numerical  method  to  solve  nonlinear  combined  magnetic  and 
electric  pwbfema  Bring  reliable  general  purpose  calculation  codes.  This  method  has  be  jd  applied  to 
analyze  the  behavior  of  a  burirar  system  built  with  a  saturable  steel  enclosure  and  connected  with  an 
arbitrary  external  circuit.  The  enclosure  magnetic  characteristics  have  been  determined  by  means  of 
experimental  tests  executed  by  the  authors.  To  analyze  this  electrical  system,  the  skin  and  proximity 
effects  in  the  massive  conductors,  as  well  as  the  load  conditions  of  the  external  circuit,  must  be  taken 
into  account.  The  present  formulation  permits  us  to  solve  the  previously  described  coupled  problems 
by  means  of  an  iterative  procedure.  Using  this  technique,  it  is  possible  to  solve  separately  the  field 
and  the  circuit  equations  by  means  of  specific  codes.  In  particular,  an  iterative  procedure  it  is  pointed 
out  so  defined:  for  each  estimated  load  condition,  a  finite  element  code  has  been  used  to  evaluate  the 
relating  busbar  cross  parameters,  taking  into  account  the  nonlinear  behavior  of  the  steel  enclosure, 
while,  for  each  assigned  set  of  the  busbar  cross  parameters,  a  circuit  simulator  has  been  used  to 
determine  the  relating  load  conditions  of  the  busbar.  In  addition,  a  specialized  post-processor  has 
been  developed  to  manage  the  data  flow  between  the  calculation  codes.  The  originality  of  this  work 
is  linked  to  the  use  of  general  purpose  commercial  software  to  solve  the  nonlinear  magnetic  and 
electric  coupled  problems. 


INTRODUCTION 

In  modem  industrial  electric  plants,  the  qualification  of 
economy  and  flexibility  are  becoming  more  and  more  impor¬ 
tant.  This  circumstance  often  leads  to  the  use  of  busbar  sys¬ 
tems  for  supplying  machine  tools  and  nonlinear  discontinu¬ 
ous  devices,  with  severe  electrical  peak  inputs,  such  as  spot¬ 
welding  machines.  In  order  to  verify  the  capability  of  busbar 
lines  to  supply  loads,  limiting  the  electromagnetic  effects  due 
to  peak  current,  it  is  necessary  to  point  out  a  method  to  solve 
the  nonlinear  electric  and  magnetic  coupled  problem.1-10  We 
have  approached  tins  problem  using  an  iterative  procedure 
that  solves  separately  the  circuit  equations  and  the  field  ones. 
The  relating  field  and  circuit  solvers  are  fully  independent, 
and  specialized  post-processors  are  needed  in  order  to  man¬ 
age  data  files.  This  approach  is  based  on  the  idea  to  represent 
each  massive  bar  as  a  series  branch,  including  a  time  varying 
ideal  voltage  generator  linked  to  the  Ohm’s  resistance  of  the 
conductor.  The  voltage  generator  represents  all  induced  elec¬ 
tromagnetic  effects.  The  transient  nonlinear  behavior  of  bus¬ 
bar  system  starts  estimating,  by  means  of  a  network  analysis, 
the  voltage  gradients  in  each  conductor  for  null  induced  ef¬ 
fects.  These  values  are  the  initial  conditions  for  finite  ele¬ 
ment  analysis  (FEA).  The  field  equations  used  in  this  work 
derive  from  those  of  Maxwell,  for  the  case  of  a  homoge¬ 
neous  material.  In  a  two-dimensional  (2-D)  system  and  ne¬ 
glecting  electromagnetic  propagation  phenomena,  these  rela¬ 
tionships  lead  to  the  following  equation: 


Vx(»VxA)=J.  (I) 

Using  the  "Coulomb  gauge,”  V  A=0,  Eq.  (1)  becomes 
-<V-nV)A=J,  (2) 

which  can  be  rewritten  as 


-(▼•»>V)A+rrV-V+ 


<?A 

<rlt 


=0. 


(3) 


imposing  the  estimated  set  of  voltage  gradient  values, 
we  have  solved  Eq.  (3)  by  means  of  a  FEA.  Then,  using  an 
appropriated  post-processor,  we  have  evaluated  the  induced 
electromotive  force  (EMF)  on  the  *th  conductor  as  follows: 


_*  f  dA 

St  isk* 


(4) 


where  lt  and  St  are,  respectively,  the  length  and  the  cross 
section  of  the  conductor.  From  these  values,  it  is  possible  to 
evaluate  the  voltage  gradients  for  successive  attempts  using  a 
circuit  analysis.  The  FEA  is  restarted  for  each  voltage  gradi¬ 
ent  updating,  until  a  fixed  accuracy  is  reached.  Then  a  sub¬ 
sequent  time  instant  can  be  processed  (see  Fig.  1). 


FELD  ANALYSIS 

The  field  analysis  refers  to  a  busbar  line  with  a  saturable 
steel  enclosure.  The  cross  section  of  this  system  is  shown  in 
Fig.  2.  The  line  electromagnetic  field  can  be  determined  by 
solving  an  open  boundary  2-0  symmetrical  problem.  In  or¬ 
der  to  do  that  the  2-D  domain,  corresponding  to  the  busbar 
cross  section  and  to  its  surrounding  region,  is  divided  in  two 
subdomains  (see  Fig.  3):  a  central  one,  that  is  shaped  by 
means  of  ordinary  finite  elements  (FEs);  and  a  peripheral 
one,  that  is  framed  by  infinite  boundary  elements 
(IBEs). 12-14  This  system  can  be  studied  by  means  of  the 
ANSYS  FEA  software,  using  load  cotxfitions  defined  by  ex¬ 
ternal  circuit  (voltage  gradients)  and  taking  into  account  skin 
and  proximity  effects  in  massive  conductors.  The  nonlinear 
magnetic  characteristic  of  a  busbar  steel  enclosure  are  de¬ 
fined  by  means  of  the  first  magnetization  curve.  Numerically, 
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FIG.  I.  Flow  chart  of  the  propoacd  procedure. 


the  nonlinear  field  problem  is  solved  by  means  of  the  New- 
mark  method,  which  is  applied  using  the  Newton-Raphson 
iterative  procedure.12 


CIRCUIT  MODEL 


FIG.  3.  Central  region  mesh  near  (a)  the  busbar  system  and  (b)  global 
arrangement  used  for  PEA. 


The  voltage  gradients  in  each  massive  conductor  can  be 
estimated  by  means  of  a  generic  circuit  simulator,  such  as 
SPICE  (Simulation  Program  with  Integrated  Circuit  Empha¬ 
sis)  or  EMTP  (ElectroMagnetic  Transient  Program).  This  is 
used  to  analyze  the  equivalent  electrical  network  for  the  FEA 
fixed  induced  effects.  For  many  simple  circuit  configura¬ 
tions,  it  is  enough  to  use  the  ANSYS  parametric  design  lan¬ 
guage  (APDL)  in  order  to  simulate  the  electrical  network 
using  traditional  algorithms.11  The  line-to-line  or  line-to- 
ground  parameters  can  be  included,  if  it  is  requested  that 
their  influence  be  evaluated.  This  can  occur,  for  example,  if 
one  desires  to  analyze  the  system  behavior  during  a  fast  tran¬ 
sient. 


R  N  S  T 


29 


A  DEMONSTRATIVE  EXAMPLE 

In  order  to  show  a  numerical  application  of  the  described 
approach,  the  authors  have  used  a  typical  industrial  situation, 
in  particular,  we  have  studied  the  network  in  Fig.  4(a)  during 
early  time  instants  after  welding  firing.  The  one  phase  spot¬ 
welding  machine  is  represented  as  an  ideal  EMF  generator, 
because  its  supply  voltage  is  controlled  in  order  to  generate  a 
certain  thermal  power  in  the  welding  point.  The  connection 
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l  Busbor  kne 

,  1-  300m 

Connection 
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i  // 

" D  J  tut  "  " 
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Spot-MdinQ 

FIG.  4.  Industrial  plan  under  (•)  analysis  and  (b)  its  ttturvalcnt  electrical 
network,  <b)  where  *,=40x10“’  a  ft  E, 

HO.  X  Sketch  of  the  busbar  tine  cross  section  under  analysts  (dimensions  -311X7  sin(31«.16  r-2.62)  (V),£j311.27  saK314.16  <-0.52)  (V),  and 
in  arm).  V,-82«7.71(r+0.04)  sin(314.16  r)[l(r)-t(r-0.1)l  (V). 
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TABLE  I.  Geometrical  and  electrical  data. 


Section  Phase 

-300  mm2 

Neutral3 

*220  mm2 

Enctosurc-650  am2 

conductivity 

Steel 33  0.172  idl  m 

Copper =0.018  m 

H  (A*m)  300 

600  780 

900 

1200  1560 

2280  2580 

3000 

8  (T)  O.ttfi 

0.313  0.420 

0.482 

0.604  0.719 

0.850  0.882 

0.921 

cable  is  linked  between  two  phase  bars  and  it  can  be  repre¬ 
sented  by  its  resistance.  This  supply  connection  is  required 
when  the  welding  machine  needs  phase-to-phase  voltage, 
even  if  a  neutral  conductor  is  available.  The  busbar  line  is  in 
Fig.  2.  A  certain  strain  line-to-ground  resistance  will  be  rep¬ 
resented  by  means  of  lumped  resistors  at  the  line  load  end.  In 
this  study  we  consider  the  supply  network  being  an  upstream 
transformer  as  an  ideal  380  V  three-phase  system,  while  the 
line  switch  is  regarded  to  be  closed  and  ideal.  With  the  above 
assumptions,  the  network  in  Fig.  4(a)  is  represented  by  the 
scheme  in  Fig.  4(b),  where  E ,(r),  E2(t),  and  £}(t)  are  sinu¬ 
soidal  EMFs,  while  V,(t)  has  been  represented  by  a  modu¬ 
lated  amplitude  sinusoid  to  take  into  account  its  dependence 
by  the  welding  controller.  Initial  conditions  are  evaluated 
considering  a  rest  state  for  the  network  and  for  the  FEA 
model.  Table  I  summarized  the  typical  numerical  values  for 
the  simulated  industrial  configuration.  The  system  analysis  is 
started  at  a  zero  passage  of  welding  machine  supply  voltage. 
The  computed  load  current  is  in  Fig.  5,  and  it  shows  a  good 
agreement  with  industrial  reserved  experimental  data  re¬ 
ferred  to  similar  configurations. 


CONCLUSIONS 

This  work  has  shown  that  the  ANSYS  industrial  FEA 
code  can  be  integrated  usefully  with  network  solvers,  in  or¬ 
der  to  analyze  nonlinear  systems.  For  industrial  designers 
that  are  requested  to  front  ever  and  ever  new  problems  in 
short  times,  it  is  indispensable  that  FEA  and  network  analy¬ 
sis  software  are  very  unfailing  and  flexible.  The  proposed 
approach  permits  to  use  general  purpose  codes,  for  different 


Tims  Mat 


FIG.  S.  Computed  toad  current  during  the  early  13  ms  after  welding  ma¬ 
chine  firing. 

analysis  phases.  This  circumstance  makes  the  method  easy  to 
apply,  even  in  an  industrial  context,  where  there  is  not  a  real 
interest  to  develop  a  specific  and  unfailing  software  for  each 
particular  problem. 
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The  representation  of  electromagnetic  quantities  by  differential  forms  allows  the  use  of 
nonorthogooal  coordinate  systems.  A  judicious  choice  of  coordinate  system  facilitates  the  finite 
element  modeling  of  infinite  or  very  thin  domains. 


DIFFERENTIAL  GEOMETRY 

Because  of  the  propagation  of  electromagnetic  fields  in 
free  space  (or  in  the  air),  electromagnetic  problems  are  often 
open,  i.e.,  characterized  by  the  decay  of  the  fields  at  infinity, 
the  opposite  to  closed  problems  with  boundary  conditions  at 
a  finite  distance.  As  the  finite  element  computations  can  only 
involve  a  finite  number  of  degrees  of  freedom,  various  meth¬ 
ods  have  been  proposed  to  overcome  this  difficulty.  One  of 
the  most  interesting  ones  is  the  transformation  method:  the 
infinite  domain  is  transformed  into  a  finite  one  used  for  the 
discretization  and  the  resolution.1  The  problem  has  then  to  be 
formulated  in  this  domain,  where  the  coordinate  system  is 
not  orthogonal.  The  differential  geometry  allows  the  use  of 
any  coordinate  system  and  is  the  right  tool  to  formulate  the 
method  clearly  in  a  general  way. 

From  a  differential  geometric  point  of  view,2-5  the  vec¬ 
tors  are  the  first-order  linear  differential  operators  on  func¬ 
tions.  They  have  a  vector  space  structure,  one  basis  of  which 
is  the  set  {dldx’}  of  partial  derivatives  with  respect  to  coor¬ 
dinates.  The  action  of  a  vector  v  on  a  function  /  is  noted 
v(f  ).  A  1-form  a  is  a  linear  map  from  vectors  v  to  real 
numbers  a(v)  (also  noted  (a,v)  to  emphasize  duality).  A 
special  1-form  associated  to  a  function  /  is  its  differential  df, 
defined  such  that  df(v)=v(f  )•  One  basis  for  the  vector 
space  of  1-forms  is  the  set  {dx'}  of  the  differentials  of  the 
coordinates.  A  p-form  w  is  a  multilinear  totally  skew  sym¬ 
metric  map  from  p  vectors  v,,...,vp  to  real  numbers 
io(v i  ,...,t >p).  Functions  are  identified  with  O-forms.  In  three- 
space  only  0-,  1-,  2-,  and  3-forms  are  not  identically  equal  to 
zero  (because  of  skew  symmetry).  The  0-  and  3-form  spaces 
are  one-dimensional  vector  spaces,  while  1-  and  2-forms  are 
three-dimensional  vector  spaces.  From  this  point  of  view, 
scalar  from  vector  analysis  are  0-  or  3-forms,  depending  on 
their  physical  meaning:  0-forms  are  pointwise  relevant  func¬ 
tions,  while  3-forms  are  densities  to  be  integrated  on  vol¬ 
umes.  The  “vectors”  from  the  vector  analysis  are  1-forms 
and  2-forms:  1-forms  are  integrands  of  line  integrals,  while 
2-forms  are  flux  densities.  Operations  on  forms  include  the 
following. 

(i)  The  exterior  or  wedge  product  A  that  maps  pairs  of  a 
p-form  to,  and  a  q-form  on  the  (p-t-q)-form  at, A u^, 
defined  by 

(o»,An>j)(t>,,. ..,!>,+,) 

1  sr 

=rrrf  2,  [Sgn(ir)o(1(u^1),...,t)^1)) 

p  q  ”sr*. 

x®2(f  (1) 


where  n  runs  over  the  set  of  permutations  of  p  +  q  indices. 
The  set  {dx‘‘  A  •  •  •  A  dx'rj  of  the  linearly  independent  ex¬ 
terior  products  of  p  differentials  of  the  coordinates  is  a  basis 
for  the  n!/[p!(n-p)!]-dimensional  vector  space  of 
p-forms.  Any  p-form  can  be  expressed  as  a  linear  combina¬ 
tion  of  such  p-monomials. 

(ii)  The  exterior  derivative  d  that  maps  p-forms. 


2  “i  ■  i  dx''A- ■  •  AdxV 

*r  1 


on  (p+ 1  (-forms. 


(do,, )Adjt'>A-  •  ■  AdxV. 

*  P 


From  this  definition  it  is  obvious  that  the  exterior  derivative 
of  a  function  is  its  differential  df. 

(iii)  the  integration  of  an  n-form  u,~f(x'  x")dx' 
A-  •  •  A  dx’  on  a  n  -dimensional  domain  Af  is  defined  by 


/(x1---x”)dx1-dx", 


(2) 


where  /  is  supposed  to  be  zero  outside  M . 

These  objects  and  operations  only  involve  the  topology 
and  the  differential  structure  of  the  ambient  space,  i.e.,  they 
are  independent  of  any  notion  of  angle  and/or  distance. 
Those  notions  are  introduced  by  giving  a  metric  g,  i.e.,  a 
symmetric  bilinear  map  from  two  vectors  v,w  to  real  num¬ 
bers  g(v,  w).  The  metric  allows  the  definition  of  the  Hodge 
star  operator  *,  which  maps  p-forms  on  (n-p)-forms, 
where  n  is  the  dimension  of  the  ambient  space.  In  local  co¬ 
ordinates,  the  star  operator  is  defined  for  an  exterior 
p-monomial  by  (using  the  Einstein  summation  convention 
on  repeated  indices) 


*<fx'1A---Arfx'r,=g'i/i"-gVe  dx’r*'f\--- 
’’  ;»(n-p)! 


(3) 


where  ...j  is  the  Levi-Civita  symbol.  If  the  matrix,  the 
elements  of  which  are  g,j = g(  dldx1, dldx1)  is  considered,  the 
g'i  are  the  components  of  its  inverse  and  g=det(gy)  is  its 
determinant.  By  linearity,  the  definition  of  the  star  operator 
may  be  extended  to  any  form.  In  three-space,  the  Hodge  star 
operator  maps  0-forms  on  3- forms,  1-forms  on  2-forms,  and 
conversely.  This  is  why  only  functions  and  “vectors”  are 
used  in  the  vector  analysis  of  the  three-space  with  the  Eu¬ 
clidean  metric. 
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The  interesting  property  of  differential  forms  is  their  be¬ 
havior  under  the  mapping  of  domains.  If  0  is  a  differential 
map  from  a  domain  Af  to  a  domain  N,  a  function  /  on  N  is 
mapped  (pulled  back)  on  a  function  0*(/  )  =  /°0  on  Af  by 
composition  with  0.  Vectors  on  A#  are  mapped  (pushed  for¬ 
ward)  on  vectors  on  N  by  considering  their  action  on  pulled- 
back  functions.  Since  a  vector  v  on  M  maps  the  pulled-back 
functions  0"(/  )  to  numbers  v[<t>'(f  )],  it  defines  a  linear 
differential  operator  lor  the  functions  /  on  N,  i.e.,  a  vector 
0.(l>)  on  N,  whose  action  on  a  function  /  on  N  is  given  by 
^•(u)(/  )  =  u[ 0*(/  )]•  A  1-form  on  N  is  mapped  (pulled 
back)  on  Af  by  considering  its  action  on  pushed-forward  vec¬ 
tors  from  Af  to  N.  The  pull-back  0*(ar)  on  Af  of  a  1-form 
a  on  N  is  defined  by  (0*(a),u)  =  (a,0„(t;)).  Any  purely 
covariant  object  such  as  a  p-form  or  the  metric  can  be 
pulled  back  from  Af  to  N  by  the  following  definitions,  for  a 
p-form  0*(ai)(u,,...,Up)  =  <u(0.(Ui),...,0.(up)],  and  for 
the  metric  0*(g)(P|,l>2)=g[0.(t>i),0.(p2)j.  As  g  allows 
the  definition  of  the  star  operator  *(  on  N,  )  allows  the 
definition  of  the  star  operator  *a‘(s)  00  ^  In  the  preceding 
definitions,  it  is  important  to  remark  how  the  duality  reverses 
maps  leading  to  an  alternation  of  push-forward  and  pull-back 
maps  for  the  domains,  the  functions,  the  vectors,  and  the 
forms.  The  fundamental  point  for  the  setting  of  transforma¬ 
tion  methods  is  that  the  operations  on  forms  previously  de¬ 
fined  commute  with  the  pull-back.  For  forms  ay 3,  one  has 


0‘(aA/D=0*(a)A0*(0), 

(4) 

d>‘(da)  =  d<t>'(a). 

(5) 

f  0*(«)  =  f 

(6) 

Jm 

*^.u,0‘(a)  =  0*(*,a). 

(7) 

The  finite  element  method  consists  of  approximating  A 
by  A  =  XA,u>j ,  where  A,  are  parameters  and  id,  are  1-foims 
corresponding  to  "shape  functions”  obtained  by  assuming  a 
simple  behavior  on  elements  from  a  meshing  of  Af  n~:t  cur¬ 
rent  density  J  is  approximated  by  J  =  XJ+ai, . 

The  equations  for  the  parameters  are  found  by  express¬ 
ing  the  extremum  conditions  for  the  discretized  Lagrangian: 


r  f  £(A)=o. 

A,  Ju  - 


The  electromagnetic  fields  and  sources  may  be  repre¬ 
sented  by  differential  forms:  the  magnetic  F"!d  H  and  the 
electric  field  E  are  1-forms;  the  magnetic  flux  density  B,  the 
electric  flux  density  £>,  and  the  current  density  J  are  2-forms; 
and  the  charge  density  p  is  a  3-form.  In  this  representation, 
Maxwell’s  equations  are  dH=J  +  dfi,  dE=-dfi ,  dB= 0, 
and  df)-p,  where  A,  is  for  partial  derivation  with  respect  to 
time.  The  1-form  A  and  the  0-form  V  may  be  introduced  as 
potentials,  such  that  B-dA  and  E--d^  -dV.  All  those 
equations  are  obviously  independent  of  the  metric.  Neverthe¬ 
less,  this  one  is  involved  in  the  definition  of  the  constitutive 
relations:  the  free  space  electromagnetic  characteristics  are, 
with  c=l,  po=  1,  and  %=1,  given  by  D-*E  = 


FINITE  ELEMENTS  AND  TRANSFORMATION  METHOD 

In  order  to  set  up  the  finite  element  method,  a  variational 
form  is  introduced.  For  example,  the  magnetostatic  Lagrang¬ 
ian  is  given  by  the  integration  of  the  3-form  L,  the  magne¬ 
tostatic  Lagrangian  density,  on  the  domain  M*  (the  coeffi¬ 
cient  v  is  the  magnetic  reluctivity): 

j"l(A)=J^-j  dAAr*JA-AAjj.  (8) 


The  first  term  of  L(A)  leads  to  terms  in  the  finite  clement 
equations,  such  that  tEe  unknowns  are  the  A  ,  and  the  coeffi¬ 
cients  at)  are  the  integrals  of  the  discrete  3-forms  (-  W2I 
d<i,A*du)j  on  the  elements.  If  a  domain  Af‘  is  mapped  on 
the  domain  Af,  the  forms  and  the  metric  on  M  may  be 
pulled-back  on  M’,  and  the  formulation  of  the  problem  on 
Af  *  is  immediate.  The  transformation  method  is  thus  the  fol¬ 
lowing  one:  map  the  “transformed  domain”  A/*  on  the  origi¬ 
nal  domain  Af  (and  not  the  opposite!),  pull-back  the  La¬ 
grangian  and  apply  the  finite  element  method  with  the 
elements  obtained  by  meshing  Af  *.  It  does  not  matter  if  the 
transformed  domain  no  longer  fits  the  geometry  because  it 
has  only  to  be  connected  topologicallv  « ith  the  rest  of  the 
problem. 

In  the  case  of  a  two-dimensional  magnetostatic  problem, 
invariant  by  translation  along  the  z  axis,  the  vector  potential 
is  the  1-form  A(x,y)dz,  and  the  geometry  is  described  by  its 
trace  on  the  x-y  plane.  The  shape  1-forms  are 
a*j= a,{x,y)dz,  where  a,(x,y)  are  the  classical  shape  func¬ 
tions  and  *<d,- a,(jt,y)*dr=  a,(x,y)dxAdy.  With  these 
Cartesian  coordinates,  it  gives  exactly  the  traditional  method. 
The  mapping  of  a  domain  Af*  with  coordinates  {A'.K}  on  the 
original  domain  Af  with  coordinates  {x,y}  is  given  by  two 
functions,  such  that  { X,Y}-.{x,y}={fl{X,Y),f2{X,Y )}. 
The  contribution  of  an  element  to  the  coefficient  a  ^  of  A  t  in 
the  ith  equation  is  the  integral  on  the  element  of 

-V  ( AxCtidydi ) 


dyf\2x  dyf-i 
<>xf  1  Svf  2  -  dxf 2  9yf  1 

<?x/l  dyf  1  +  3Xf 2  dyf1 

dxfi  dyfl~dxfl  dyfl 


axf  i  £y/i  +  dxf2  dyfi 

»xf  i  dffz  -  sxfz  <hf i 
dxf^+dxfl2 
sxf  1  ^y/2  -  dxfl  dyf  1  . 


where  dy  and  dy  indicate  the  partial  derivative  with  respect  to 
X  and  T,  respectively,  and  a,(A\y),  at{X,Y)  are  the  shape 
functions  on  the  transformed  element.  This  contribution  of 
the  transformed  element  is  equal  to  the  non  transformed  one 
up  to  the  central  matrix.  If  the  transformation  is  trivial 
[/i(Af,y)=Jf,/2(Jf,y)=y]  or  corresponds  to  a  conformal 
transformation  [ft(X,Y)+if^X,Y)  is  analytic,  i.e., 
dji  =  9yfi  and  AJi=  -  dyf\\  this  matrix  reduces  to  the  unit 
matrix.  As  for  the  term  involving  the  current  density,  the 
contribution  to  the  ith  equation  of  an  element  is  the  product 
of  Jj  by  the  integral  of  <oiA*a>j  =  aial6  on  the  element  6  is 
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FIG.  1.  Modeling  of  an  infinite  domain  mapped  on  a  corona. 

the  volume  form  associated  to  the  metric,  i.e., 
»1  =  £=  (<?*•/,  Syfi)dX/\dY  and  the  integral 

transforms  simply  according  to  the  formula  for  the  change  of 
coordinates  in  multiple  integrals. 

In  the  three-dimensional  case,  a  family  of  discrete  forms 
are  the  Whitney  forms  on  tetrahedra.6  They  correspond  to 
nodal  elements  for  O-forms  (e.g.,  scalar  magnetic  potential 
<t>)  and  to  edge  elements  for  1-forms  (e.g.,  A  or  H).  Using 
such  discretizations  entirely  based  on  differential  forms  al¬ 
lows  a  straightforward  formulation  of  transformation  meth¬ 
ods  by  pull-back  of  the  corresponding  discrete  Lagrangian 
density  or  weighted  residuals. 

NUMERICAL  EXAMPLES 

Infinite  domain:  The  most  obvious  application  of  the 
transformation  method  is  the  case  of  open  boundary  prob¬ 
lems.  In  the  present  example,  the  magnetic  field  around  a 
coil  with  a  ferromagnetic  kernel  is  cc  'puted.  A  fictitious 
circular  boundary  of  radius  A  is  defined  around  the  problem 
and  the  outside  of  this  circle  constitutes  an  infinite  domain. 
The  method  consists  of  mapping  a  corona  M‘  on  Af The 
corona,  a  finite  domain,  has  an  inner  radius  A  and  an  outer 
radius  B,  all  the  circles  considered  here  having  the  same 
center.  The  Cartesian  coordinates  on  M  are  x  and  y,  and  the 
coordinates  on  M‘  are  X  and  Y.  The  transformation  is  given 
by  the  two  functions  (with  R  =  \IX2  +  Y2): 

x=f,(X,Y)=X[A(B-A)]/[R(B-R)l  (11) 

y=fi(X,Y)  =  Y[A(B-A)]l[R(B-R)].  (12) 

Figure  1  shows  the  field  lines  computed  by  this  method. 
Thanks  to  the  symmetry  of  the  problem,  only  one  quarter  has 
been  computed. 

Thin  plate:  Very  thin  objects  and  very  small  skin  depths 
are  other  examples  of  problems  difficult  to  model  with  finite 
elements.  In  this  case  it  is  interesting  to  stretch  the  geometry 
along  the  small  dimension.  The  example  considered  here  is  a 
steel  band  heated  by  induction.  The  steel  band  is  1.2  mm 
thick  and  is  heated  by  a  one-turn  rectangular  coil  (240  mm 
long  and  3  mm  thick),  placed  28  mm  above  the  band  ami  fed 
by  a  3490  A  current.  The  thickness  of  the  band  is  small  with 
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FIG.  2.  Field  lines  in  s  stretched  layer  phase:  0  degree. 

respect  to  the  characteristic  length  of  the  problem,  but  the 
skin  depth  is  even  smaller:  the  frequency  of  the  current  is 
275  kHz,  the  conductivity  of  the  plate  is  107  S/m,  and  the 
relative  permeability  is  405.  In  those  conditions,  the  skin 
depth  is  equal  to  about  15  pm.  To  model  the  plate,  surface 
layers  of  45  pm  are  considered.  Those  layers  are  stretched 
by  a  factor  IS  000  and  then  become  layers  of  675  mm  in  the 
transformed  problem.  Thus,  the  transformation  used  is  sim¬ 
ply  {x  =  X,y=YI 15  000}.  Although  almost  trivial,  this  trans¬ 
formation  makes  the  problem  more  tractable.  Moreover,  the 
use  of  a  general  formalism  allows  the  extension  of  this  tech¬ 
nique  to  curved  plates  or  to  nonlinear  transformations,  e.g., 
taking  into  account  the  exponential  decay  of  the  current  den¬ 
sity  and  field  inside  the  plate.  Figure  2  shows  the  field  lines 
in  the  lower  stretched  layer  at  the  phase-0  degree  of  the 
excitation  current. 

CONCLUSION 

The  use  of  the  differential  geometry  in  computational 
electromagnetics  has  been  advocated  by  various  authors.5'7  It 
is  the  natural  framework  to  set  up  the  transformation  method 
that  becomes  almost  trivial  in  this  context.  Although  the  first 
examples  of  application  of  this  method  have  been  introduced 
with  the  help  of  the  vector  calculus  more  familiar  to  engi¬ 
neers,  its  formulation  with  the  help  of  differential  geometry 
allows  a  systematic  generalization,  and  leads  to  a  quasiauto¬ 
matic  implementation  method,  where  all  the  steps  are  clearly 
defined. 
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The  effects  of  various  magnetic  materials  on  lamination  design 
for  stator- rotor  diecasting  of  Induction  motors  for  electric 
vehicle  applications 

N.  M.  Elfcasabgy  and  C.  Di  Pietro 

Westinghousr  Motor  Company  Ltd.,  P.O.  Box  2510,  Hamilton,  Ontario  L8N  3K2,  Canada 

In  this  paper  we  describe  a  novel  technique  to  model  induction  motors  with  a  diecast  stator  and  rotor 
and  to  examine  the  effects  of  various  magnetic  materials  on  the  electrical  performance  of  the  motor. 
For  electric  vehicle  applications,  a  high  volume  production  operation  of  the  electric  motor  requires 
the  motor  to  be  small  and  inexpensive.  The  expensive  labor  and  material  used  to  manufacture  the 
motor  encouraged  the  researchers  to  find  new  methods  and  techniques  to  reduce  the  cost  and 
improve  the  performance.  Diecast  rotor  and  stator  windings  reduce  motor  cost  and  size.  For 
diecasting  induction  motors,  the  motor  laminations  should  be  designed  to  optimize  the 
electromagnetic  field  distribution  over  the  cross  section  and  along  the  axial  direction.  The  magnetic 
material  used  for  the  laminations  should  also  reduce  losses  and  improve  the  overall  efficiency.  A 100 
hp  four-pole  induction  motor  was  modeled  with  finite  elements,  the  field  distribution,  the  magnetic 
flux  density,  and  the  mechanical  performance  of  the  motor  were  computed  using  nonlinear 
magnetostatic  and  complex  steady-state  eddy  current  techniques.  The  difference  in  the  electrical  and 
mechanical  performance  of  the  motor  were  evaluated  for  copper  and  aluminum  diecasting.  The 
results  show  that  copper  diecasting  of  the  rotor  and  the  stator  of  the  induction  motor  with  magnetic 
material  properties  and  identified  slotting  shape  is  the  way  to  achieve  better  motor  performance  and 
low  cost  operation. 


I.  INTRODUCTION 

Interest  in  electric  vehicles  has  grown  markedly  during 
the  past  few  decades  due  to  air  quality  concerns  and  due  to 
uncertain  petroleum  imports.  Also,  due  to  the  new  legislation 
in  the  state  of  California,  of  all  vehicles  produced  by  the  year 
2000,  10%  must  be  zero  emission  electric  vehicles.  Variable 
torque  and  speed  control  is  the  essential  requirement  for  pro¬ 
pulsion  systems  in  electric  vehicles.  Several  types  of  electri¬ 
cal  motors  may  be  used  for  electric  vehicle  propulsion  pur¬ 
poses.  Earlier  traction  motors  were  exclusively  DC  motors. 
Recently,  more  advanced  AC  drive  systems  have  found  ap¬ 
plications  in  electric  vehicle  propulsion  using  induction 
motors.1-2  The  special  features  of  electric  vehicle  application 
requires  that  the  motor  should  be  small  in  size,  light  in 
weight,  and  inexpensive  with  high  constant  power  and  effi¬ 
ciency  over  a  wide  range  of  speeds.  Diecasting  the  rotor  and 
the  stator  of  the  induction  motor  would  reduce  the  labor 
intensive  task  of  sizing  the  winding  of  the  coils  and  eliminate 
the  placing  of  the  insulation  material  into  the  stator  slots.  In 
order  to  optimize  the  use  of  the  diecasting  process  for  induc¬ 
tion  motors,  a  special  design  for  stator  and  rotor  laminations 
should  be  developed  to  improve  the  overall  electrical  and 
mechanical  performance  of  the  motors. 

In  this  paper  we  use  field  analysis3,4  to  provide  an  accu¬ 
rate  evaluation  of  the  magnetic  field  distribution  and  me¬ 
chanical  performance  of  the  motor.  The  complex  stator  and 
rotor  lamination  geometry,  the  spatial  distribution  of  the  con¬ 
ductors  in  the  stator  slots,  and  the  effect  of  the  nonlinearity 
of  the  magnetic  material  must  be  taken  into  account.  The 
finite  element  technique  is  an  effective  numerical  tool  to 
solve  the  electromagnetic  field  under  these  conditions.  In  this 
paper  we  present  a  finite  element  technique  to  find  a  better 
slot  shape  and  high  permeable  magnetic  material  for  diecast¬ 
ing  the  motor  windings.  The  case  under  study  is  an  induction 
motor  used  for  an  electric  vehicles  propulsion  system. 


II.  FEATURES  AND  ASSUMPTIONS  OF  METHOD  OF 
ANALYSIS 


A  100  hp,  four-pole,  115  V  variable  frequency  induction 
motor  drive  was  used  for  the  analytical  work.  A  two- 
dimensional  cross  section  of  the  machine  was  modeled  with 
finite  elements  to  obtain  a  detailed  representation  of  the  sta¬ 
tor  slot  and  bar  conductor  shapes.  In  this  paper,  the  nonlinear 
complex  steady-state  method  for  solving  time  varying  prob¬ 
lems  in  electric  machines  has  been  applied.  The  field  vari¬ 
ables,  which  are  assumed  to  vary  sinusoidally,  are  conve¬ 
niently  represented  by  phasors  of  the  form  e'“'.  Hence,  the 
partial  differential  operator  (dldt)  may  be  replaced  by  the 
arithmetic  factor  jot.  The  magnetic  field  is  assumed  to  lie  in 
the  cross-sectional  (x,y)  plane,  to  be  excited  by  and  induce 
only  axial  z  -component  currents,  and  to  vary  sinusoidally 
with  time.  The  fundamental  equation  describing  the  space 
and  time  variation  of  the  vector  potential.  A,  over  the  region 
of  analysis  has  the  following  form: 


3 

m 

dA 

1  dx  dy 

U) 

dy 

—jsto<jA+J  =  Q, 


(1) 


where  s  is  the  slip  at  a  specific  operating  condition,  fi  is  the 
permeability  of  the  ferromagnetic  material,  a  is  the  conduc¬ 
tivity  of  the  conducting  media  in  the  rotor,  and  to  is  the 
angular  frequency. 

If  we  assume  that  three  phase  stator  currents  are 


(2) 


jc=jei<M+**u  i 

(where  J  is  the  stator  current  amplitude),  then  the  magnetic 
vector  potential  at  each  nodal  point  in  the  machine  discreti¬ 
zation  (Fig.  1)  is  likewise  a  sinusoidal  function  of  time: 
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FIG.  1.  Discretization  of  the  full  cross  section  of  the  motor. 


FIG.  3.  Flux  plots  at  the  no-load  condition. 


A(x,y)=Ae'<“'+*\  (3) 

where  <t>  is  the  phase  angle  of  the  local  magnetic  vector  po¬ 
tential  A . 

The  assumptions  and  boundary  conditions  that  have 
been  used  in  finite  element  analysis  to  solve  Eq.  (1)  are  the 
following 

(1)  A  is  constant  along  the  outside  circumferential 
boundary. 

(2)  The  relative  positions  of  the  stator  and  the  rotor  are 
assumed  to  be  fixed. 

(3)  The  magnetic  field  at  any  point  in  the  machine  varies 
sinusoidally  at  slip  frequency,  thus  simulating  the  electro- 
magnetic  interaction  of  any  particular  slip  condition. 

The  conductivity  is  zero  outside  any  conducting  region 
and  the  permeability  is  fi  in  nonmagnetic  regions. 


III.  PRACTICAL  EXAMPLE 

The  motor  used  for  verifying  the  technique  is  a  squirrel 
cage  four-pole  motor  with  59  closed  rotor  slots  and  48  semi- 
dosed  stator  slots.  The  rotor  slot  shape  is  considered  to  be 
the  most  suitable  shape  for  diecasting  operations.4  The  stator 
slot  shape  is  rather  suitable  for  wound  coils  than  diecasted 
windings.  The  coils  are  held  by  a  wedge  and  separated  by  a 
divider.  The  analysis  starts  with  pinpointing  the  proper  mag¬ 
netic  material  for  the  lamination;  second,  finding  the  proper 
stator  slot  shape  for  diecasting  operation;  and  finally,  exam¬ 
ining  the  effect  of  using  the  copper  and  aluminum  alloys  on 
the  mechanical  performance  of  the  motor. 

A.  Magnetic  material 

Four  different  typical  magnetic  materials  namely  M19, 
M22,  M36,  and  M43  were  used  to  model  the  motor  lamina¬ 
tions.  The  magnetic  permeability  versus  the  flux  density  for 
all  four  materials  is  shown  in  Fig.  2. 

The  magnetostatic  state  of  the  field  presented  by  the  no- 
load  condition  of  the  motor  under  three  phase  AC  excitation 
was  calculated.  Typical  field  distribution  is  shown  in  Fig.  3. 
The  magnetic  field  penetrates  uniformly  and  deeply  into  the 


FIG.  4.  Virions  tutor  skit  stupes  for  dkessring  operation,  (s)  One  bridge  it 
FIG.  2.  Flux  density  verses  permeability  for  various  magnetic  materials.  the  middle  of  the  slot,  (b)  TWo  bridges,  (c)  One  bridge  under  the  slot. 
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FIG.  S.  Air  gap  flux  plots  for  various  stator  slot  shapes,  (a)  No  bridges,  (b)  One  bridge  under  the  slot  (c)  One  bridge  at  tbe  middle  of  the  slot,  (d)  TVo  bridges. 


rotor  as  the  demagnetizing  effect  of  the  rotor  is  yet  nonex¬ 
istent.  The  magnetic  flux  density  was  calculated  over  a  con¬ 
tour  in  the  middle  of  the  air  gap.  For  the  same  applied  field, 
M36  magnetic  material  shows  more  flux  enclosure  in  the 
motor  air  gap  of  0.90  T  vs  0.89  T  for  MI9,  0.88  T  for  M22, 
and  0.893  T  for  M43.  M36  was  chosen  to  model  the  motor 
laminations  for  any  slot  shape. 

B.  Stator  slot  ahap« 

For  diecasting  operation,  the  windings  are  formed  by 
solid  coils  rather  than  stranded  coils.  The  insulation  material, 
such  as  wedges  and  dividers,  would  be  eliminated  from  the 
stator  slots.  The  stator  slot  shape  must  be  modified  to  accom¬ 
modate  the  solid  coils  and  the  magnetic  field  distribution. 
Three  cases  of  study  are  considered:  (1)  Semicloscd  stator 
slot  with  one  bridge  in  the  middle  of  the  slot;  (2)  closed 
stator  slot  with  two  bridges,  one  in  tbe  middle  of  the  slot  and 
one  under  the  slot;  and  (3)  closed  stator  slot  with  one  bridge 
under  the  slot. 

Figure  4  shows  the  stator  slot  outlines  for  the  above 
three  cases.  Figure  5  shows  the  flux  density  in  the  airgap  for 
all  the  above  three  cases  and  also  for  the  regular  slot  shape. 
For  cases  (2)  and  (3),  the  magnetic  field  shows  less  harmon¬ 
ics  superimposed  on  the  sinusoidal  field.  Those  harmonics 
are  usually  a  source  of  losses.  In  case  (1)  the  flux  density 
follows  the  same  regular  pattern  of  flux  density  for  a  stator 
having  a  regular  continuous  slot  shape  with  no  bridges. 


C.  Rotor  slot 

Small  size  induction  motors  are  usually  rotor  diecasted 
using  aluminum  alloys.  Rotors  with  copper  bats  proved  to 
have  higher  efficiency  and  lower  losses,  but  more  labor  and 
cost.  Recently,  the  copper  bars  have  been  replaced  by 
diecasted  rotor  slots  made  in  the  same  fashion  as  the  alumi¬ 
num  diecast.  A  motor  with  a  diecast  stator  and  rotor  would 
have  the  advantages  of  lower  cost  and  high  efficiency.  Based 
on  the  analysis  presented  in  tbe  previous  section,  the  stator 
with  double  bridges  was  chosen  to  be  unified  with  a 
diecasted  copper  rotor. 

This  stator-rotor  combination  was  examined  for  alu¬ 
minium  and  copper  alloys.  For  the  same  torque-speed  condi¬ 
tion,  the  results  show  that  the  copper  rotor  has  1.2%  higher 
efficiency  than  its  dual  aluminum  rotor. 
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An  improved  method  for  magnetic  flux  density  visualization  using 
three-dimensional  edge  finite  element  method 

Vtalko  Cingoski  and  Htdao  Yamashita 

Electric  Machinery  Laboratory,  Hiroshima  University,  Higashi-himshima,  724  Japan 

Visualization  of  a  magnetic  Sax  density  distribution  in  three-dimensional  (3-D)  finite  element 
analysis  (FEA)  is  very  important  in  order  to  grasp  the  real  behavior  of  the  magnetic  field,  especially 
in  the  design  process.  In  this  paper,  we  present  an  improved  method  for  visualizing  magnetic  flux 
density  distributions  calculated  by  3-D  first-order  edge  FEA.  Compared  with  traditional  methods, 
this  method  provides  more  accurate,  smoother  magnetic  flux  density  distribution  inside  the  analyzed 
region  and  satisfies  the  proper  boundary  conditions  across  intermaterial  boundaries.  The  usefulness 
of  our  algorithm  is  demonstrated  with  several  examples. 


I.  INTRODUCTION 

In  the  analysis  of  various  magnetic  field  problems,  ana¬ 
lysts  are  usually  interested  in  the  values  of  magnetic  flux 
density  at  certain  points,  or  its  distribution  over  part  or  all  of 
the  analyzed  domain.  Therefore,  the  visualization  of  such  a 
distributed  physical  quantity  is  very  important  in  order  to 
grasp  the  real  behavior  of  the  magnetic  field,  and  correctly 
understand  and  evaluate  the  results  of  analysis. 

Recently,  first-order  edge  based  FEA  has  become  a  very 
popular  for  a  wide  class  of  3-D  magnetic  field  and  eddy 
current  problems.  The  main  reasons  are  its  computational 
efficiency,  small  memory  requirements,  and  most  of  all  sat¬ 
isfaction  of  only  proper  boundary  conditions  on  the  material 
interfaces.'  Unfortunately,  due  to  the  discrete  character  of  the 
magnetic  flux  density  in  each  finite  element,  good  visualiza¬ 
tion  of  the  magnetic  flux  density  obtained  by  first-order  edge 
FEA  is  not  possible. 

In  this  paper,  we  proposed  an  improved  visualization 
algorithm,  which  provides  more  accurate,  smoother  visual¬ 
ization  of  the  results  obtained  from  the  3-D  edge  FEA.  The 
algorithm  for  the  2-D  nodal  FEA  already  presented  in  Ref.  2, 
here  is  extended  into  a  third  dimension  and  applied  to  the 
3-D  data  obtained  from  the  edge  FEA.  That  is,  the  proposed 
algorithm  is  a  mixed  approach  in  the  visualization  process, 
successfully  combining  edge  and  nodal  FEA  over  the  same 
3-D  mesh.  In  order  to  demonstrate  the  validity  of  the  pro¬ 
posed  algorithm,  two  simple  models,  with  and  without  mag¬ 
netic  materials,  are  presented. 

>.  OUTLINE  Of  THE  ALGORITHM 

In  the  traditional  method,  the  magnetic  flux  density  vec¬ 
tor  B  can  be  obtained  as 

B=rot  A,  (1) 

in  the  finite  number  of  lattice  points  inside  the  display  space. 
Since  we  use  a  first-order  edge  finite  elements,  the  values  for 
B  obtained  from  (1)  are  equal  at  any  point  inside  the  ele¬ 
ment.  That  is,  discontinuous  visualization  of  magnetic  flux 
density  vector  B  can  be  observed.  To  overcome  this  problem 
we  developed  the  following  algorithm. 

(i)  Using  the  magnetic  vector  potential  data  obtained  by 
the  3-D  edge  FEA,  from  (1)  we  compute  the  magnetic  flux 
density  vector  B  previously  at  each  vertex  of  the  tetrahedron. 


(ii)  Since  one  vertex  P  of  a  tetrahedron  usually  belongs 
to  more  than  one  finite  element,  we  compute  the  values  of  all 
three  components  of  magnetic  flux  density  vector  B  as  an 
average  value  from  all  contributions  of  magnetic  flux  density 
at  vertex  P  from  all  elements  that  have  P  as  a  vertex  (Fig.  1). 
Therefore 

B„,  (2) 

where  j  is  an  x,  y ,  or  z  component,  and  n  is  the  total  number 
of  elements  that  have  P  as  a  vertex. 

This  procedure  does  not  have  a  large  influence  on  the 
values  of  magnetic  flux  density  vector  B  obtained  by  (1) 
directly  from  the  edge  FEA,  because  if  the  mesh  is  suitably 
dense,  the  values  at  each  vertex  computed  from  adjacent  el¬ 
ements  differ  to  a  small  degree.  It  is  necessary  to  perform 
this  procedure  only  to  provide  a  linear  distribution  of  mag¬ 
netic  flux  density  vector  B  between  any  two  points  inside  the 
element. 

(iii)  If  vertex  P  is  on  the  boundary  between  different 
magnetic  materials,  a  new  vertex  P’  is  constructed,  an  infini¬ 
tesimally  small  distance  removed  from  P.  The  averaging  pro¬ 
cedure  is  performed  for  each  material,  and  the  calculated 
values  are  associated  with  P  and  P’,  respectively. 

(iv)  The  magnetic  flux  density  inside  each  finite  element 
is  approximated  by  the  average  values  of  each  component  of 
the  magnetic  flux  density  vector  B  at  the  four  tetrahedron 
vertices.  For  approximation,  we  use  some  low-order  interpo¬ 
lation  formulas,  such  as  shape  functions,  for  first-order  nodal 
analysis'. 


FIG.  1.  C  alculation  of  the  mefnetic  Sax  demity  *  vertex  P, 
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Boundary  conditions 
0A,0C  :  SA/Sn  -  0 
AB.BC  :  A  -  0 


FIG.  4.  Cocapvisoa  of  relative  errors  for  tradHKXial  and  proposed  visual' 
izatkn  methods. 


nodal  shape  functions  and  six  more  values  of  magnetic  flux 
density  vector  at  midpoints  of  each  edge  of  the  element. 

IH.  APPLICATION 


FIG.  2.  Single-material  model. 


4 

i-1 

where  j  is  the  x,  y ,  or  z  component  of  magnetic  flux  density. 
In  this  case,  the  distribution  of  magnetic  flux  density  inside 
each  finite  element  will  be  linear.  Higher-order  interpolation, 
e.g.,  quadratic,  can  be  easily  achieved  using  second-order 


I  •  mi  aauaa  j 

ijsa  tfn»  i(s» 


e)  tndltioaal  method 


d)  propoaad  method 


FIG.  3.  Magnetic  flax  dandy  distribution-  (a)  FE  mesh,  (b)  theoretical  (c) 
traditional  method,  end  (d)  proposed  method. 


In  this  section,  we  apply  our  method  to  the  visualization 
of  magnetic  flux  density  for  two  models.  One  is  a  single- 
material  model,  of  interest  because  of  its  known  theoretical 
values,  and  the  other  is  a  multimaterial  model,  suitable  for 
exploring  the  visualization  on  intermaterial  boundaries. 

A.  Slnglfl-tTMrtflrial  region 

Figure  2  shows  the  analysis  and  display  region  for  the 
first  model.  Due  to  the  symmetry  of  the  model  we  performed 
analysis  over  only  one  quadrant.  The  calculated  results  are 
displayed  in  Fig.  IV  for  theoretical,  traditional,  and  our  new 
visualization  method  using  the  same  scale.  Figure  3  also 
shows  a  division  map  used  in  the  analysis.  It  is  obvious  that 
with  no  changing  of  the  intensity  of  the  magnetic  flux  den¬ 
sity  vector  B,  its  distribution  displayed  by  our  method  is 
almost  identical  with  the  theoretically  obtained  one,  while 
the  traditional  visualization  method  results  in  a  discontinuous 
distribution.  In  Fig.  4,  the  x  axis  represents  relative  error  e 
given  as 

*=  l^^llOO,  (4) 

where  B,  and  Bc  are  the  theoretical  and  computed  values  for 
the  magnetic  flux  density  vector  B  at  each  lattice  point  inside 
the  display  space,  respectively.  In  the  same  time,  the  y  axis 
represents  the  cumulative  area,  given  as 

cumulative  area 

display  area  with  error  over  e  (%) 

=  - —100.  5 

total  display  area 

Figure  4  clearly  shows  that  the  relative  error  of  the  proposed 
method  is  smaller  than  that  of  the  traditional  one,  therefore 
the  accuracy  of  the  results  obtained  by  the  proposed  method 
is  improved. 

B.  MuWmfrM  region 

Figure  S  shows  the  analysis  and  display  area  for  the 
multimaterial  model.  Here  again  we  use  die  symmetry  of  the 


J.  AggL  Ph»»  ,  VW.  78,  No.  10,  IS  May  1904 


V.  Ctngoald  and  H.  Yhmaa Mti  8043 


FIG.  7.  The  B,  distribution  as  a  norma)  component  oo  the  intermatcriai 
boundary. 


FIG.  S.  Multimatcrial  model. 


model  and  analyze  only  one  quadrant.  This  model  is  quasi- 
3-D  (a  2-D  model  extended  into  the  third  dimension);  there¬ 
fore  2-D  analysis  on  the  same  model  with  an  extremely 
dense  finite  element  mesh  is  used  as  a  standard  value  because 


c)  traditional  method  d)  proponed  method 


FIG.  6.  Magnetic  flux  density  distribution  (a)  FE  mesh,  (b)  2-D  distribu¬ 
tion,  (c)  traditional  method,  and  (d>  ptopoeed  method. 


do  theoretical  solution  exists.  This  model  is  important  to 
demonstrate  the  ability  of  our  method  to  deal  with  multima- 
terial  regions  and  their  boundaries. 

In  Fig.  6,  the  visualization  of  2-0  and  3-D  data  using  the 
traditional  and  our  proposed  visualization  methods,  again  us¬ 
ing  the  same  scale  and  together  with  the  part  of  interest  of 
the  finite  element  mesh  used  in  the  analysis  ate  presented.  It 
is  clear  that  the  proposed  method  provides  a  better  visualiza¬ 
tion.  In  Fig.  7  the  x  component  of  magnetic  flux  density  Bx 
as  a  normal  component  on  the  surface  of  material  at  X=  10, 
for  the  traditional  and  the  proposed  visualization  algorithms, 
is  presented.  The  continuity  of  the  normal  components  is 
apparent. 

IV.  CONCLUSION 

We  have  presented  a  new,  improved  method  for  the  vi¬ 
sualization  of  the  magnetic  flux  density  obtained  by  the  3-D 
first-order  edge  FEA.  The  proposed  method  involves  some 
algebraical  averaging  procedure  and  interpolation  inside 
each  finite  element.  These  procedures  do  not  have  a  large 
influence  on  the  results  of  magnetic  flux  density  vector  B, 
obtained  directly  from  the  analysis,  and  are  easily  imple¬ 
mented  and  computationally  efficient.  Using  the  properties 
of  edge  FEA  to  satisfy  only  the  proper  boundary  conditions 
on  intermaterial  boundaries,  our  method  deals  very  well  with 
them  and  provides  smooth  and  highly  accurate  visualization. 
The  method  can  be  easily  extended  for  the  visualization  of 
other  magnetic  quantities,  such  as  eddy  current  distribution. 
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Optimum  dMlgn  of  vole*  coll  motor  with  constant  torqus  coefficients 
using  evolution  stratagy 
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A a  effective  "p*4*"**"**  design  method  is  presented.  The  method  combines  the  three-dimensional 
boundary  element  method  with  the  (1  +  1)  evolution  strategy.  The  reduced  scalar  potential 
formulation  with  the  magnetic  surface  charge  as  the  unknown  variable  is  used  under  the  assumption 
that  the  yokes  are  not  saturated.  It  is  found,  through  the  numerical  example,  that  the  global  optimum 
shape  of  the  magnet  can  be  easily  found  within  a  reasonable  number  of  generations.  More  elaborate 
design  can  be  achieved  by  increasing  the  number  of  design  variables. 


L  MTSOOUCTION 

The  voice  coil  motor  (VCM)  is  widely  used  in  high 
speed  and  accurate  position  control  actuators  such  as  mag¬ 
netic  disk  drives.  In  die  design  process  of  a  VCM,  the  con¬ 
stant  torque  coefficient  characteristic  is  very  important.1'3 
The  torque  coefficient  of  a  rotary-type  VCM  with  flat  coil 
changes  along  the  positions  of  die  rotor,  which  impairs  high 
speed  and  accurate  position  control  use.  This  fact  comes 
from  the  uneven  distribution  of  magnetic  induction  in  the  air 
gap.  One  possible  solution  is  to  optimize  the  shape  of  the 
permanent  magnet  of  the  VCM. 

Several  attempts  have  been  made  to  offer  a  simulation 
and  design  tool  for  this  purpose.1'3  However,  they  are  not 
sufficient  to  predict  accurately  the  carriage  motion  in  the  disk 
drives  because  the  VCM  is  either  analyzed  by  the  equivalent 
circuit  model.23  or  by  the  two-dimensional  finite  element 
method,1  although  it  has  a  foil  three-dimensional  configura¬ 
tion.  Furthermore,  these  previous  attempts  do  not  offer  any 
guidance  for  the  optimization  of  the  dimension  and  shape  of 
the  VCM. 

In  this  paper,  an  efficient  optimum  design  algorithm,  that 
combines  the  boundary  element  analysis  and  the  (1  +  1)  evo¬ 
lution  strategy,  is  presented  to  find  an  optimum  shape  of  a 
VCM  that  gives  constant  torque  coefficients.  The  three- 
dimensional  boundary  element  method  is  utilized  to  analyze 
the  dynamic  characteristics  of  a  VCM. 


trix  becomes  relatively  small.4  The  unknown  state  variables 
are,  in  this  case,  equivalent  magnetic  surface  charges  defined 
as  follows: 


p(r)=  — 


dy(r) 

Sn 


+H.(r)n, 


(1) 


where  r  is  the  position  vector,  <p(r)  is  the  reduced  magnetic 
scalar  potential,  H,  is  the  incident  magnetic  field  intensity 
created  by  the  permanent  magnets  and  given  by 


* a 


M(r)-n(r)(r,-r) 


ds , 


(2) 


where  Af  is  the  magnetization  vector,  Sk  is  the  surface  of  the 
ith  magnet,  and  n  is  the  outward  unit  norma)  vector. 

The  boundary  integral  equation  is  derived  by  using  the 
scalar  Green’s  identity  from  Maxwell’s  equations.  If  the  con¬ 
dition  of  zero  summation  of  the  magnetic  surface  charges  is 


YC 


YC 


(a) 


M 


M 


ILCHAHACTEnSnCS  ANALYSIS 

The  VCM  is  a  kind  of  linear  dc  motor  where  tbe  carriage 
rodprocales  by  dm  force  induced  by  the  interaction  of  the 
coil  current  and  the  magnetic  flux  generated  by  tbe  perma¬ 
nent  magnets  in  the  air  gap.  Figure  1  shows  the  configuration 
of  a  VCM  analyzed  and  designed  in  this  paper.  This  is  a 
rotary-type  VCM  with  flat  coil,  where  the  two  permanent 
magnets  are  magnetized  upward  and  doeraward,  respectively, 
and  tbe  magnetic  flux  games  through  both  yokes. 

Tbe  VCM  is  ranted  by  only  tbe  ferrite  permanent  mag¬ 
net  whose  remanent  magnetic  flux  density  is  0.42  T.  Hence, 
the  pure  steel  yokes  cm  be  assumed  to  be  nasatnrated.  Using 
this  assumption,  the  reduced  magnetic  scaler  potential  for¬ 
mulation  is  utilized  because  tbe  permanent  magnets  can  be 
easily  taken  into  consideration  and  the  resultant  system  ma- 


FK3. 1.  The  VCM  coaflfuntioe.  Cron  eeylicml  view  (t)  end  top  view  (b). 
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Xci=Xpi+aR,  i=l,2,...,Ai, 


(6) 


FIG.  2.  Flow  dun  of  the  (1  +  1)  evolution  strategy 


introduced  based  on  a  penalty  function  method,4  the  con¬ 
strained  boundary  integral  equation  can  be  obtained  as  fol¬ 
lows: 


n 

4ir 


( rp~r)n 

p(r)ds 


+A  jTP^ds~H^rP^rp^ 

where  fl  is  the  interior  solid  angle  at  rp,  ft  and  T  are  the 
relative  magnetic  permeability  and  the  boundary  surface  of 
the  yoke,  respectively,  and  A  is  the  area  of  I\ 

Discretizing  the  surface  and  applying  the  Galerkin  for¬ 
mulation  for  Eq.  (3)  yield  the  following  matrix  equation: 

MW={/ }-  (4) 


where  N  is  the  dimension  of  the  design  variables  vector,  a  is 
the  step  length,  and  R  is  a  random  number  with  uniform 
distribution. 

After  computing  the  objective  function  values,  F(Xp) 
and  F(XC),  corresponding  to  the  old  and  new  design  variable 
vectors,  respectively,  a  new  parent  in  the  next  generation  is 
decided  by  the  following  rule  to  simulate  the  mutation: 


Y  _XC  if  F(Xc)<F(Xp) 
"  Xp  if  F(Xc)»F(XpY 


(7) 


The  step  length  a  is  annealed  by  enlarging  or  reducing  it 
by  a  factor  of  0.85  according  to  the  number  of  mutations  for 
the  previous  ten  generations,  i.e„ 


a0.85  if  number  of  mutations  >2N 
a/0.85  otherwise. 


IV.  NUMERICAL  EXAMPLE 


Once  Eq.  (4)  is  solved,  the  magnetic  induction  in  the  air 
gap  can  be  evaluated  using  the  equation 

/  (r,— r)-r t 

(5) 


The  design  target  is  to  obtain  the  constant  torque  coeffi¬ 
cients  at  the  various  positions  of  the  rotor  coil.  The  objective 
function  to  be  minimized,  hence,  is  defined  as 

F=[*"5  [r«?)-r0]2d»~2  (r,-r0)2,  (9) 


All  the  integrals  for  Eqs.  (4)  and  (5)  are  computed  nu¬ 
merically  using  the  Gauss-Radau  or  Gauss- Legendre  inte¬ 
gration  formulas. 

■L  OPTMZATON  ALGORITHM 

In  order  to  find  an  optimum  shape  for  the  magnets,  the 
(1  +  1)  evolution  strategy  is  adapted.  The  method,  which  is 
one  of  the  stochastic  optimization  algorithms,  combines  the 
genetic  algorithm  that  copies  the  natural  principles  of  muta¬ 
tion  and  selection  with  the  simulated  annealing  process  in 
thermodynamics.5  The  three  major  processes;  regeneration, 
mutation,  and  annealing,  are  repeated  until  the  optimum  de¬ 
sign  is  achieved  as  summarized  in  Fig.  2. 

The  new  design  variables  vector  Xc  (child  in  a  genera¬ 
tion)  are  generated  from  the  old  design  variables  vector  Xp 
(parent  in  a  generation)  by  the  rale; 
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TABLE  I.  Optimized  dteift  variables. 


Caw  studies 

Initial 

Optimized 

Generations 

(hU»3) 
relative  error 

(2830) 

6,3% 

(28.90s29.398) 

0.62% 

20 

relative  error 

(28^9,30) 

6J46 

(28. 16*28.68,29.3  i ) 
034% 

23 

relative  error 

(2SJSOE) 

2.756 

(28. 19,28. 7039.3!) 

034% 

21 

where  Tk  and  T0  are  the  computed  and  taiget  values  of 
torque  at  kth  coil  position,  respectively,  and  the  torque  gen¬ 
erated  can  be  expressed  in  vector  form  as 

r(d)=<j>rx[/x/»(fl)]dl,  (10) 

where  i  is  the  current  in  the  coil  and  l  is  the  current  loop. 

The  upper  shape  of  the  magnet  is  represented  as  four 
straight  lines  and  the  three  design  variables  (hl,h2h3)  are 
taken  to  modify  the  shape  of  the  magnet  as  shown  in  Fig.  3. 

In  order  to  compute  the  magnetic  induction  in  the  air  gap 
by  using  the  boundary  element  method,  the  yoke  and  the 
permanent  magnet  are  discretized  into  6200  and  3520  linear 
triangular  elements,  respectively,  as  shown  in  Fig.  4. 

The  final  optimized  design  variables  are  shown  in  Table 
I  where  the  maximum  relative  error,  £, ,  is  defined  as 


FIG.  5.  Distribution  of  tbc  magnetic  induction  in  the  air  gap  (z= 7.94  mm). 


FKj.  6.  Distribution  of  the  torque  coefficients. 

ZlTWol  \ 

£,=  max  — x  100  [%].  (11) 

lul«IVr\  <0  / 

From  Table  I,  it  is  found  that  more  elaborate  design  is 
achieved  with  three  design  variables  than  with  two  design 
variables.  In  the  case  of  two  design  variables,  the  mean  value 
of  hi  and  h3  is  taken  for  h2.  Furthermore,  final  results  are 
considered  as  a  global  optimum  because  different  initial 
shapes  converged  into  nearly  the  same  shape.  Figure  5  shows 
the  distribution  of  the  magnetic  induction  in  the  air  gap  at  the 
final  optimized  shape.  The  torque  coefficients  are  compared 
in  Fig.  6  at  the  initial  and  final  optimized  shapes  where  the 
maximum  relative  error  at  the  optimized  shape  is  only 
0.4[%], 

V.  CONCLUSION 

An  effective  optimum  design  method  is  developed  for 
the  design  of  VCM  by  combining  the  three-dimensional 
boundary  element  method  and  the  (1  +  1)  evolution  strategy. 
The  method  converges  to  a  global  optimum  point  from  dif¬ 
ferent  initial  points.  It  is  found,  through  the  numerical  ex¬ 
ample,  that  the  optimum  shape  of  the  magnet  can  be  easily 
found  within  a  reasonable  number  of  iterations  and  more 
elaborate  design  can  be  achieved  by  increasing  the  number 
of  design  variables. 
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ThrM-dinwnsional  eddy  current  solution  of  a  polyphase  machine 
test  model  (abstract) 

Uwe  Palmer  and  Ronnie  Bel  marts 

Department  EE,  Labo  EMA,  KV  Leuven,  Belgium 

Vlado  Ostovtc 

ABB  Mtuihem,  Kiaftwerke  AG,  AbOCWIDE,  Germany 

This  abstract  describes  a  three-dimensional  (3D)  finite  element  solution  of  a  test  model  that  has  been 
reported  in  the  literature.  The  model  is  a  basis  for  calculating  the  current  redistribution  effects  in  the 
end  windings  of  turbogenerators.  The  aim  of  the  study  is  to  see  whether  the  analytical  results  of  the 
test  model  can  be  found  using  a  general  purpose  finite  element  package,  thus  indicating  that  the 
finite  element  model  is  accurate  enough  to  treat  real  end  winding  problems.  The  real  end  winding 
problems  cannot  be  solved  analytically,  as  the  geometry  is  far  too  complicated.  The  model  consists 
of  a  polyphase  coil  set,  containing  44  individual  coils.  This  set  generates  a  two  pole  mmf 
distribution  on  a  cylindrical  surface.  The  rotating  field  causes  eddy  currents  to  flow  in  the  inner 
massive  and  conducting  rotor.  In  the  analytical  solution  a  perfect  sinusoidal  mmf  distribution  is  put 
forward.  The  finite  element  model  contains  85824  tetrahedra  and  16451  nodes.  A  complex  single 
scalar  potential  representation  is  used  in  the  nonconducting  parts.  The  computation  time  required 
was  3  h  and  42  min.  The  flux  plots  show  that  the  field  distribution  is  acceptable.  Furthermore,  the 
induced  currents  are  calculated  and  compared  with  the  values  found  from  the  analytical  solution. 
The  distribution  of  the  eddy  currents  is  very  close  to  the  distribution  of  the  analytical  solution.  The 
most  important  results  are  the  losses,  both  local  and  global.  The  value  of  the  overall  losses  is  less 
than  2%  away  from  those  of  the  analytical  solution.  Also  the  local  distribution  of  the  losses  is  at  any 
given  point  less  than  7%  away  fro m  the  analytical  solution.  The  deviations  of  the  results  are 
acceptable  and  are  partially  due  to  the  fact  that  the  sinusoidal  mmf  distribution  was  not  modeled 
perfectly  in  the  finite  element  method. 
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Numerical  methods  and  measurement  systems  for  nonlinear  magnetic 
circuits  (abstract) 

Axel  HeMbrink,  Hens  Dieter  Storzer,  and  Adalbert  Beyer 

Institute  of  Electromagnetic  Theory  and  Engineering,  Duisburg  University,  Bismarckstrasse  81, 

47048  Duisburg,  Germany 

In  the  past  years  an  increasing  interest  in  calculation  methods  of  circuits  containing  magnetic 
nonlinearities  could  be  observed.  For  this  reason  a  new  method  was  developed  which  makes  it 
possible  to  calculate  the  steady  state  solution  of  such  circuits  by  the  help  of  an  interactive  cad 
program.  The  modular  concept  of  the  software  allows  to  separate  the  circuit  into  nonlinear  and 
linear  subnetworks.  When  regarding  nonlinear  magnetic  elements  one  can  choose  between  several 
numerical  models  for  the  description  of  the  hysteresis  loops  or  an  inbuilt  realtime  measurement 
system  can  be  activated  to  get  the  dynamic  hysteresis  loops.  The  measurement  system  is  also  helpful 
for  the  parameter  extraction  for  the  numerical  hysteresis  models.  A  modified  harmonic-balance 
algorithm  and  a  set  of  iteration  schemes  is  used  for  solving  the  network  function.  The  combination 
of  the  realtime  measurement  system  and  modem  numerical  methods  brings  up  a  productive  total 
concept  for  the  exact  calculation  of  nonlinear  magnetic  circuits.  A  special  application  class  will  be 
discussed  which  is  given  by  earth-leakage  circuit  breakers.  These  networks  contain  a  toroidal  high 
permeable  NiFe  alloy  and  a  relay  as  nonlinear  elements  (cells)  and  some  resistors,  inductors,  and 
capacitors  as  linear  elements.  As  input  dc  signals  at  the  primary  winding  of  the  core  any  curveform 
must  be  regarded,  especially  135°  phasecutted  pulses.  These  signals  with  extreme  higher  frequency 
components  make  it  impossible  to  use  numerical  models  for  the  description  of  the  nonlinear 
behavior  of  the  core  and  the  relays.  So  for  both  elements  the  realtime  measurement  system  must  be 
used  during  the  iteration  process.  During  each  iteration  step  the  actual  magnetization  current  is  sent 
to  the  measurement  system,  which  measures  the  dynamic  hysteresis  loop  at  the  probe.  These  values 
flow  back  into  the  iteration  process.  A  graphic  subsystem  allows  a  look  at  the  waveforms  of  all 
voltages  and  current  when  the  iterations  take  place.  One  can  determine  how  the  steady  state  is 
reached,  especially  when  one  discusses  different  iteration  methods.  All  parameters  of  interest,  such 
as  geometric  data  of  the  core,  number  of  windings,  and  the  linear  elements  can  vary  within  the 
computer  program  and  as  a  result  all  voltages  and  currents  in  the  network  stand  can  be  used.  With 
the  help  of  this  computer  controlled  measurement  system  and  several  iteration  methods  fast  circuit 
design  and  optimization  can  be  done. 
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Comparative  analysis  of  two  methods  for  ti ms-harmonic  solution 
of  the  steady  stats  In  Induction  motors  (abstract) 

Robrecrtt  DeWeoedt,  Koetadin  Brandisky,  Uwe  Partner,  and  Ronnie  Batmans 

Department  EE,  Labo  EMA,  K.U.  Leuven,  Belgium 

The  abstract  presents  two  methods  of  solving  induction  motor  problems  using  a  time-harmonic 
approach,  taking  into  account  the  saturation  of  the  iron  material.  The  first  method  uses  the  following 
algorithm.  Initially,  two  static  nonlinear  problems  are  solved:  one  problem  using  the  real  part  of  the 
stator  currents,  and  the  other  using  the  imaginary  part.  From  both  solutions,  a  reluctivity  vector  is 
generated.  This  reluctivity  vector  is  then  used  in  solving  a  time-harmonic  problem  to  calculate  the 
induced  rotor  currents.  These  currents  ate  used  to  solve  two  new  static  problems.  From  the  solution, 
a  more  accurate  reluctivity  vector  can  be  generated.  Convergence  of  this  method  occurs  after  4  or 
5  steps.  The  second  method  is  an  iterative  method  of  solving  nonlinear  time-dependent  problems  by 
harmonic  representation.  It  is  assumed  that  H(t)  is  a  sinusoidal  function  of  time.  A  new  sinusoidal 
B^  is  introduced  based  on  energy  equivalence  with  the  real  nonsinusoidal  B  This  new  is  used 
to  calculate  the  new  B-H  curve  for  the  iron  materials  involved  and  after  that  an  equivalent 
reluctivity.  The  nonlinear  algorithm  represents  under-relaxation  of  the  equivalent  reluctivity,  based 
on  the  formula:  RELUCT,*. = RELUCT^ + ALPHA*  (RELUCT^  -  RELUCT,*,),  where  ALPHA 
is  a  relaxation  factor  usually  chosen  between  0  and  1 .  The  algorithm  shows  a  good  convergence  rate 
(from  10  to  20  steps)  if  the  initial  starting  vector  for  reluctivities  and  the  relaxation  factor  are  chosen 
appropriately.  Rules  for  this  choice  are  given.  Both  methods  are  compared.  The  difference  between 
the  induced  currents  in  both  methods  is  about  1%,  with  a  linear  solution  it  is  about  300%.  Also 
stored  energy,  losses,  reluctivities,  and  other  quantities  are  compared. 
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Selection  of  the  ground  state  In  CsCuCI3  by  quantum  fluctuations 

E.  RasteHi  and  A.  Tassi 

Dipartimento  di  Fisica,  Univcrsua  0  Puma,  43100  Parma,  Italy 

The  Heisenberg  triangular  antiferromagnet  is  a  model  widely  studied  by  analytic  low-temperature 
expansion  and  Monte  Carlo  simulation.  The  classical  version  of  the  model  is  characterized  by 
infinitely  many  minimum  energy  configurations  even  if  an  ir  plane  external  magnetic  field  is  turned 
on.  This  degeneracy  is  lifted  by  thermal  fluctuations  and  the  same  effect  is  found  when  quantum 
fluctuations  are  accounted  for.  We  find  an  analogous  scenario  in  the  3D  hexagonal  model  where  the 
intrachain  coupling  is  ferromagnetic  and  the  interchain  one  is  antiferromagnetic.  Such  a  model  is 
suitable  to  describe  some  hexagonal  ABX}  compounds.  We  are  interested,  in  particular,  in  CsCuCl3, 
where  our  theoretical  results  compare  favorably  with  magnetic  resonance  experimental  data  and 
with  magnetization  measurements  as  a  function  of  the  external  magnetic  field.  The  role  of  quantum 
and  thermal  fluctuations  in  the  selection  of  a  particular  spin  pattern  out  of  the  infinitely  many 
configurations  that  minimize  the  classical  energy  of  the  model  is  discussed. 


I.  INTRODUCTION 

The  Heisenberg  antiferrotnagnet  on  a  triangular  lattice  is 
an  interesting  widely  investigated  model.  Hie  interest  in  this 
subject  dates  back  to  the  exact  solution  of  the  Ising  triangular 
antifenomagnet,1  where  long-range  order  fails  both  at  zero 
and  finite  temperature. 

An  external  magnetic  field  in  the  plane  of  the  spins 
yields  a  very  rich  phenomenology  in  triangular  antiferromag- 
nets  with  continuous  symmetry.  Indeed,  a  continuous  family 
of  infinitely  many  spin  configurations  minimize  the  energy  of 
such  models  in  classical  approximation  so  that  quantum2,3 
and  thermal  fluctuations4-6  are  crucial  to  select  the  configu¬ 
ration  observed  in  actual  compounds. 

Analytic  expansion2  for  the  isotropic  triangular  Heisen¬ 
berg  antiferromagnet  suggests  that  zero-point  motion  fluctua¬ 
tions  select  a  low-field  three-sublattice  configuration  with 
one  spin  opposite  to  the  field,  followed  by  a  collinear  phase 
with  two  spins  parallel  and  one  spin  antiparallel  to  the  field 
at  intermediate  field.  At  higher  fields  an  asymmetric  fan  ap¬ 
pears  until  the  saturated  configuration  is  reached.  The  sce¬ 
nario  is  similar  to  that  obtained  in  planar  and  classical  mod¬ 
els  where  the  “up-up-down”  phase  is  stabilized  only  by 
thermal  fluctuations.4'6 

Recently,3  we  have  studied  the  behavior  of  the  2D  trian¬ 
gular  quantum  Heisenberg  model  w  ith  a  planar  anisotropy.  In 
particular,  we  have  obtained  the  spin  wave  spectra  and  we 
have  compered  the  uniform  mode  energies  with  magnetic 
resonance  data  of  CsCuCl3  ,76  CsCuCl3  is  a  hexagonal  com¬ 
pound  of  the  AMf3  family,  where  A  is  an  alkali  element,  B  is 
a  transition  metal  ion,  and  can  be  Cl,  Br,  or  I.  CsCuCl,  can 
be  modeled  as  a  lattice  of  linear  ferromagnetic  chains  of 
spins  5=  1/2  forming  a  triangular  lattice  in  the  planes  per¬ 
pendicular  to  the  c  axis.  In  spite  of  the  2D  nature  of  the 
model  we  have  studied,  the  agreement  with  experiment  as 


for  the  uniform  mode  energy  in  external  magnetic  field  is 
suggestive.3,6  Notice  that  this  agreement  is  assured  only  if 
the  in-plane  spin  configuration  is  the  configuration  selected 
by  quantum  fluctuations,  whereas  the  fitting  is  impossible  if 
one  chooses  as  ground-state  configuration  the  apparently 
more  obvious  spin  configuration  with  a  spin  parallel  to  the 
field.7,8 

However,  the  good  fit  between  the  uniform  mode  ener¬ 
gies  of  a  triangular  antiferromagnet  in  an  external  magnetic 
field  and  the  magnetic  resonance  data  of  CsCuCl,  could  ap¬ 
pear  to  be  an  accident  because  one  might  expect  that  the  3D 
nature  of  the  actual  compound  could  be  crucial,  so  that  quan¬ 
tum  fluctuations  which  are  dominant  in  the  2D  model  might 
play  a  minor  role  in  3D. 

For  this  reason  we  consider  here  a  3D  model  where  the 
main  features  of  CsCuClj  are  taken  into  account. 


II.  UNIFORM  MOOES  AND  MAGNETIZATION 

The  Hamiltonian  we  consider  is  the  Heisenberg  Hamil¬ 
tonian  where  the  intrachain  ferromagnetic  interaction  is  J0 
and  the  interchain  antiferromagnetic  coupling  between  x  and 
y  spin  components  is  J< 0,  whereas  J(\ -  7)  is  the  inter¬ 
chain  coupling  between  z  spin  components.  An  external 
magnetic  field  in  the  c  plane  is  considered.  The  spin  configu¬ 
rations  we  consider  are  characterized  by  three  spins  per  unit 
cell.  The  in-plane  and  out-of-plane  lattice  constants  will  be 
assumed  of  unit  length.  Let  us  indicate  by  fa,  fa,  fa,  the 
angles  that  the  spits  of  the  unit  cell  form  with  the  magnetic 
field.  In  order  to  get  the  ground  state  configurations,  the  el¬ 
ementary  excitation  energies,  and  the  low-temperature  prop¬ 
erties,  we  have  performed  the  customary  steps:  introduction 
of  local  axis  according  to  fa,  fa,  fa,  and  Holstein- 
Primakoff  spin-boson  transformation.  The  solution  of  the  Hn- 
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earned  equations  of  motion  for  the  spin  components  along 
the  local  reference  axis,  gives  the  following  spin  wave  fre¬ 
quencies; 

A<o“=4 JoS^™,  s  =  1,2,3,  (1) 

where  xj,'*  are  the  solutions  of  the  following  cubic  equation: 


x1~ax1  +  bx-c  =  0, 

where 

a  =  3(l-cos  ,/,+7)2  +  2;2(l-  r/)s,|y,|2. 


12) 


(3) 


b  =  (l  -  cos  q2+;)2[3(l  -cos  q,+j)2-j2s2)y<l\2]+j1(l  ~  t?)(l  -cos  qx+;)[2(l  -cos  ?2+j)s,|y,|2 

+i/(i2-Si)(yJ+r;J>]+J2(l-»f)JlA?|y«r-3(l-cosq2+j)2|y,|3-y(l-cosql-t-/)s,(yJ+rJ3)]>  (4) 

c=[(l-cosqJ+;)3-;2(l-cos  <?*+./ )s2|y,|2  +  i/3(s2- l)(yj  +  y*3)][(l -cos  q,+j)} 

-3)2(i-  i7)2(i  -cos  q2+j)|r,l2+j3U-  v)3(rl+  yj5)]  (?) 


with  7  =  3171/2/0.  A=g/iaH/6|J|,S,  and 

Si  =  -J+^2.  (6) 

s2  =  cos2(  -  <t>2 )  +  cos2(  *2 -  0j)  +  COS2(  0,  -  4>i ) , 

(7) 

where  the  values  of  are  the  same  as  given  by  Hqs. 

(3)  and  (4)  ol  Ref.  4 

y, = J  |  e'"-  +  2e  "  ,,'/i  cos  ^  ^ ) .  (S) 

We  have  evaluated  the  7=0  classical  energy  £0 

£o~  ~JNS2(3+h2)~2J<1NSt,  (9) 

the  zero-point  motion  energy  A£ 

!  3 

AE=-3JNS-Z/0NS+~'2  2  (10) 

J-l  * 

the  free-energy  F 


F=£a+4£+li,rI  X  Wl-e  ®*.’),  (11) 

j»i  e 

and  the  magnetization  of  the  model  M 
SF 

m-sh  (12) 

Equations  (10)— (12)  are  evaluated  treating  the  model  as  a 
gas  of  noninteracting  magnons. 

We  list  only  the  main  results  we  have  obtained  leaving 
the  details  to  an  extended  paper  which  will  appear  elsewhere. 

(a)  In  classical  approximation  the  minimum  energy  con¬ 
figurations  at  7=0  are  the  same  as  in  the  triangular  model, 
forming  a  continuous  family  of  infinitely  many  ground 
states. 

(b)  The  zero-point  motion  energy  is  minimized  by  the 
same  in-plane  configuration  as  the  triangular  model  where 
the  low-field  configuration  is  characterized  by  a  spin  out  of 
three  antiparallel  to  the  field. 


FIG.  1.  Uniform  modes  of  CsCuClj  vs  magnetic  field.  Continuous  mid 
dotted  corves  me  the  theoretical  revolts  for  the  configuration  with  one  spin 
nimnsih  sad  penile!  to  the  field,  respectively.  Grosses:  magnetic  rtsosaoce 
data  (Ret  8). 


FIG.  2.  Reduced  magnetization  as  fraction  of  the  magnetic  field  for  7~-0  K 
(continuous  curve),  7=1.5  K  (crosses).  7=5  K  (fancy  vertical  crosses), 
7=10  K  (circles). 
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(c)  In  the  range  of  temperature  and  field  we  are  inter¬ 
ested  to,  thermal  and  quantum  fluctuations  support  the  same 
spin  configuration.  Only  in  the  limit  of  vanishing  field  and 
temperature  the  thermal  fluctuations  favor  the  configuration 
with  a  spin  parallel  to  the  field,  but  the  quantum  fluctuations 
always  dominate. 

(d)  The  agreement  between  magnetic  resonance  data  on 
CsCuClj  (Refs.  7,8)  and  the  uniform  mode  energies  as  func¬ 
tion  of  the  field  is  very  satisfactory  as  shown  in  Fig.  1  for 
Hamiltonian  parameters  5=1/2,  £  =  2.19,  2/0  =  64.5  K, 
j  =0.2625,  77=0.05364,  suggested  by  elastic  neutron  scatter¬ 
ing  in  zero  magnetic  field.  Notice  that  dotted  curves  are  the 
uniform  mode  energies  one  obtains  starting  horn  the  con¬ 
figuration  with  one  spin  out  of  three  parallel  to  the  field.  As 
one  can  see  the  selection  of  the  spin  configuration  by  quan¬ 
tum  fluctuations  is  essential  to  explain  experimental  data. 

(e)  A  first-order  phase  transition  from  the  distorted  helix 
to  the  asymmetric  fan  is  induced  by  the  zero-point  motion. 
Notice  that  the  reduced  magnetization  m  =  M/gfisNS  in 
classical  approximation  at  zero  temperature  is  given  by 
m  =  hl 3  for  0</i<3.  In  Fig.  2  the  simultaneous  effect  of 
quantum  and  thermal  fluctuations  on  the  magnetization  [see 
Eq.  (12)]  is  shown  for  selected  temperatures  and  the  same 
Hamiltonian  parameters  quoted  at  point  (d).  Obviously  the 
free  energy  in  Eq.  (11)  is  evaluated  for  the  spin  configura¬ 
tions  selected  by  the  quantum  and  thermal  fluctuations  as 
illustrated  at  points  (b)  and  (c).  Notice  the  unphysical  de¬ 
creasing  of  the  magnetization  at  increasing  magnetic  field 
around  h=  1  (H=  1 1.5  T)  requiring  an  equal  area  Maxwell 
construction  leading  to  a  plateau  in  the  curve  m(h).  The  size 
of  the  coexistence  region  is  AH~2.IT,  2.5T,  3.6 T,  for 
1  =  1.5,  5,  10  K,  respectively.  A  plateau  was  actually  ob¬ 
served  in  experiment10  at  T=  1 . 5  K.  An  analogous  plateau  is 
found  even  in  2D  model  but  it  is  related  to  the  onset  of  the 


intermediate  "up- up-down”  phase  supported  by  crucial  non¬ 
linear  contributions  which  allow  long-range  order  at  finite 
temperature.4  In  the  present  3D  model  long-range  order  is 
still  found  in  harmonic  approximation  so  that  nonlinear  con¬ 
tributions  related  to  magnon-magnon  interaction,  can  be  ne¬ 
glected.  Our  result  suggests  that  the  plateau  of  the  magneti¬ 
zation  observed  in  CsCuClj  (Ref.  10)  corresponds  to 
coexistence  of  distorted  helix  and  asymmetric  fan,  whereas 
in  the  triangular  antiferromagnet  the  onset  of  the  “up-up- 
down”  phase  is  expected  on  the  basis  of  analytic 
calculations4  and  Monte  Carlo  simulations.6  Elastic  neutron 
scattering  experiment  could  unambiguously  test  the  nature  of 
this  phase  because  the  position  of  the  Bragg  peaks  is  the 
same  in  both  cases,  but  the  geometrical  extinction  of  the 
Bragg  peak  could  be  fully  achieved  only  if  the  spin  configu¬ 
ration  is  collinear  as  it  is  the  case  of  the  p-up-down” 
phase. 
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Scaling  behavior  of  the  homogeneous  magnetization  dynamics 
In  the  ferromagnetic  state  of  EuS 
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Using  a  broadband  vectorial  microwave  reflectometer,  we  measured  the  longitudinal  dynamic 
susceptibility  of  a  EuS  sphere  between  0.1  and  20  GHz  in  the  temperature  interval  4.2 
K«7'«7'css16.5  K.  For  low  internal  fields,  the  shape  corresponds  to  a  heavily  overdamped 
Lorentzian  resonance,  '(0 )ir»/L*— (Wfl,)2  where  .  The  field  and  temperature 

dependence  of  the  intrinsic  kinetic  coefficient  and  resonance  is  fully  explained  by  that  of  the  static 
susceptibility  *,(0).  Surprisingly,  the  resulting  scaling  function,  lzlXz( 0)1  agrees  exactly  with  that 
observed  earlier  above  Tc ,  where  l2[x2(0)]  could  quantitatively  be  explained  by  a  crossover  from 
a  van  Hove  behavior  for  large  x2(0),  due  to  dipolar  anisotropic  fluctuations,  to  a  critical  speeding-up 
for  *,(())<  1,  where  isotropic  spin  diffusion  prevails.  This  finding  suggests  that  the  dipolar 
anisotropy  dominates  the  magnetization  dynamics  also  below  Tc  of  EuS,  which  seems  to  be 
supported  by  the  fact  that  the  correlation  frequency  of  the  torques  acting  on  the  magnetization, 
a>c  =  l agrees  with  the  relaxation  rate  of  the  longitudinal  magnetization  fluctuations, 


I.  INTRODUCTION 

Over  almost  two  decades,  the  semiconducting  europium 
sulphide  serves  as  one  of  the  preferred  model  ferromagnets 
for  investigating  the  effects  of  fluctuations  on  the  magnetiza¬ 
tion  dynamics.1-8  Whereas  above  the  Curie  temperature  of 
EuS,  Tc= 16.56  K,  all  recent  data  on  the  homogeneous6-8  and 
inhomogeneous  (q*0)7  dynamics  are  now  quantitatively  ex¬ 
plained  by  numerical  solutions  of  the  mode-coupling  (MC) 
equation  for  a  Heisenberg  fenomagnet,  including  the  inevi¬ 
table  dipole-dipole  interaction,9-10  the  understanding  is  still 
unsatisfying  below  Tc .  There  die  presence  of  the  spontane¬ 
ous  magnetization,  the  spinwaves,  the  anisotropy  field  and  of 
domains  complicates  the  situation,  and  apart  from  results  for 
some  limiting  cases,9-11  a  comprehensive  theory  on  the  mag¬ 
netization  dynamics  for  a  real  ferromagnet  is  still  lacking. 

The  present  communication  extends  a  previous  work  on 
the  homogeneous  dynamics  near  Tc  of  EuS8  to  temperatures 
as  low  as  4.2  K  and  to  higher  magnetic  fields  required  to 
remove  the  domains  and  to  realize  homogeneous  internal 
fields  within  a  crystalline  sample  spheroid  Hml=H 
-  which  should  be  larger  than  the  anisotropy 

field  of  EuS,  Ha(T)=30  Oe  [M,(T)/M,(0)f,12  but  also 
small  enough  to  avoid  the  suppression  of  fluctuations.  It  is 
our  aim  to  investigate  how  far  the  scaling  property  of  the 
damping  of  the  homogeneous  magnetization  observed  near 
T*  extends  into  the  ferromagnetic  regime  and  to  finite  inter¬ 
nal  fields.  By  increasing  the  maximum  frequency  from  1.5  to 
20  GHz,  we  also  search  for  intrinsic  dynamical  effects  on  the 
kinetic  coefficient  of  the  damping  L ,  of  the  longitudinal  sus¬ 
ceptibility  defined  by:1 

I  1  i<a  \-1 

*,(«., T,if)=(  X*(T,H)  +Lz(w,T,H)  |  ’  (1) 

which  may  help  to  elucidate  the  role  of  the  fluctuations. 

The  results  of  this  study  should  also  provide  a  firmer 
basis  to  describe  the  dynamics  of  the  magnetization  at  finite 


temperatures  up  to  the  Curie  point,13  within  the  domains  and 
resulting  from  the  wall  motion,  starting  from  the  micromag- 
netic  equations  of  motion. 


II.  RESULTS 


The  measurements  have  been  performed  on  a  sphere 
(N2= j)  by  simultaneous  recording  of  dispersion  and  absorp¬ 
tion  using  a  vectorial  microwave  reflectometer,14  which  re¬ 
cently  was  upgraded  by  a  commercial  s-parameter  test  set 
(hp-8516A).  To  investigate  the  longitudinal  magnetization 
dynamics,  the  microwave  field  in  the  shorted  end  of  a  coaxial 
waveguide  was  aligned  with  the  dc  field  supplied  by  a  super¬ 
conducting  saddle  coil  up  to  1.5  T.  The  amplitude  was  kept 
small  enough  to  obtain  linear-response  signals.  No  hysteretic 
effects  occurred  in  the  present  range  of  temperature  and  field. 
In  the  standard  modes,  we  measured  x~‘)f  sweeping  field 
or  temperature  at  fixed  frequency  and  calibrated  the  signals 
using  the  absolute  values  available  at  Tc  and  lower 
frequencies.8 

For  some  selected  temperatures  and  fields,  the  frequency 
dependence  of  dispersion  and  absorption  is  shown  in  Fig.  1. 
An  interesting  feature  we  note  is  the  significant  deviation 
from  pure  relaxational  dynamics,  clearly  evidenced  by  the 
negative  dispersion.  The  dynamical  shape  can  be  well  fitted 
by  a  Lorentzian, 


XA*>,T,H)-- 


Xz(T,H)  Lz(<i>,T,H) 


<o2  \-1 

A )  '  (2) 

In  this  form,  the  kinetic  coefficient  of  the  damping  L  z  and  the 
resonance  frequency  (12  do  not  depend  on  the  external  sus¬ 
ceptibility,  but  represent  material  constants  re¬ 

flecting  the  intrinsic  dynamics.  The  effect  of  internal  mag¬ 
netic  fields,  larger  than  the  maximum  anisotropy  field, 
Ha(0)=30  Oe,12  on  both  parameters  is  illustrated  by  Fig.  2 
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FIG.  1.  (•)  Dupcnioo  and  (b)  absorption  at  the  longitudinal  dynamic  sus¬ 
ceptibility  measured  parallel  to  Ibe  applied  field  on  a  EuS  sphere.  Full  lines 
represent  fits  to  the  Lotentzian  shape,  Eq.  (2). 


FIG.  3.  Scaling  behavior  of  (a)  the  kinetic  coefficient  and  (b)  the  resonance 
frequency  in  terms  of  the  internal  suaceptfirtlity.  the  full  line  in  (a)  corre¬ 
sponds  to  solutions  of  the  motie-coepling  equations,’  strictly  valid  above  Tc 
and  for 


for  various  temperatures  below  Tc .  Obviously,  HM  is  sup¬ 
pressing  Lz  and  ft,  more  heavily  at  lower  temperatures. 

The  most  interesting  phenomena  are  shown  in  Fig.  3. 
LZ(T,H)  and  Clz(T,H)  plotted  against  the  static  internal  sus¬ 
ceptibility  15  collapse  on  two  single 

curves,  and  according  to  Fig.  3(a)  the  resulting  scaling  func¬ 
tion  agrees  with  that  predicted  (and  confirmed8)  for  L,  for 
the  paramagnetic  critical  regime  and  zero  applied  field.9  This 
scaling  behavior  means  that  similar  to  the  observation  at  el¬ 
evated  temperatures,8  the  intrinsic  magnetization  dynamics 
depends  on  temperature  and  field  only  via  the  internal  sus¬ 
ceptibility  Xz(T’H)-  Obviously,  this  scaling  holds  down  to 
the  lowest  temperatures,  where  the  spin-wave  fluctuations 
dominate. 


Hw[Oe] 


FIG.  2.  (»)  Kinetic  coefficicM  ad  (b)  resonance  fttqacncy,  determined  from 
St*  CTaaplhfad  by  Fig  1,  vena  dm  internal  magnetic  field  for  three  differ- 


III.  DISCUSSION 


To  discuss  the  results,  let  us  first  consider  the  Lorentzian 
shape  of  Xz(fi>),  since  it  can  directly  be  associated  to  the 
general  form,  Eq.  (1),  by  assuming  a  Debye  spectrum  for  the 
frequency  dependence  of  the  kinetic  coefficient. 


Lz{u>;TM)  = 


LAW) 

l  +  icu/o>c 


(3) 


Then  the  intrinsic  resonance  frequency  is  simply  given  by 


(lAT,H)=[<ecLATM)]in, 


(4) 


and  the  characteristic  frequency  o>c  is  determined  by  the  ratio 
0  l/Lz .  Evaluating  this  quantity,  we  find  itto  be  independent 
of  temperature  and  field  within  the  present  accuracy, 
wc=1.3xl0n  »  ,  which  implies  that  the  scaling  property  of 
nz(T,H )  shown  in  Fig.  3(b)  arises  from  that  of  the  “static” 
kinetic  coefficient  LZ(T,H). 

In  order  to  find  a  possible  origin  for  a>c ,  we  start  from 
the  general  expression. 


£,(<*>;  f,//)  = 


d>lMz(t)MzM}eIM, 


(5) 


as  given  by  the  linear  response  theory,16  where  V  is  the 
sample  volume  and  Af2(t)  =  i[Sf (t),Mz]/h  are  the  torques 
acting  on  the  longitudinal  magnetization.  Hence,  the  Debye 
shape  in  Eq.  (3)  implies  that  the  correlation  function  of  the 
torque  decays  exponentially,  [Ml(f)AfI(0)]~  exp(-<vcf). 
For  ferromagnets,  it  has  been  demonstrated  that  regardless  of 
tbeir  Tc  the  spin-flipping  mechanism  results  from  the 
dipole-dipole  interaction  3/f  =  3/f^  .6  We,  therefore,  refer  to 
the  MC  theory  for  the  Heisenberg  fenomagnet  with  dipolar 
interaction9  and  extend  the  result  for  the  “static”  Lz  to  finite 
frequencies  and  fields  in  using:17 


£jfc(m;r,H)= 


I  ^2y  xKgbfrCj) 

1  *  /  ,  rKq)  +  r,(q)+i<u- 


(6) 
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Here  the  Satie  correlations  between  the  longitudinal 
and  transverse  modes,  <SM(q)|q,  are  given  by  *a(q) 
=  L*i’1(7\/0+*a,/+(4/4a)Jr1.  wbere  q4  is  the  dipolar 
wave  number18  and  rjq)  are  their  relaxation  rates  (a=/,t). 
Since  the  transverse  correlations  become  critical  at  Tc ,  the 
sum  in  Eq.  (6)  is  heavily  weighted  by  the  small -q  contribu¬ 
tions.  Considering  Eq.  (6)  at  Tc,  Le.,  at  the  lowest  tempera¬ 
ture  where  the  expression  is  valid,  the  relaxation  rate  of  the 
transverse  mode  becomes  extremely  small,  while  that  of  the 
uncritical  longitudinal  modes  attains  a  finite,  q- independent 
value,  hr^q-*Q,Tt)=Aqi12.9  Therefore,  for  the  critical 
modes  the  denominators  in  Eq.  (6)  are  dominated  by  F,, 
which,  after  comparison  of  Eqs.  (3)  and  (6),  leads  immedi¬ 
ately  to  o»c(rc)~r,(q-d),Tc).  Recently,  the  relaxation  rate 
of  these  longitudinal  modes  has  been  determined  by  inelastic 
scattering  of  polarized  neutrons,7  resulting  in 
r,(q~«0,7'<,)=98  GHz,  which  is  in  good  accord  with  <uc  fol¬ 
lowing  from  the  present  analysis.  Then  the  field  and  tempera¬ 
ture  independence  of  <uc  below  Te  indicates  that  the  dipolar 
anisotropy  giving  rise  to  this  heavy  damping  still  plays  a 
dominant  role  in  the  ferromagnetic  dynamics. 

Finally,  we  discuss  the  key  feature  of  the  present  work, 
i.e.,  the  nearly  constant  kinetic  coefficient  at  large  static  sus¬ 
ceptibilities,  crossing  over  to  a  slowing  down  of  Lz  with 
decreasing  Xt.aJ,T,H),  which  agrees  quantitatively  with  the 
scaling  function  )]  found  above  Tc  of  EuS,  and 

also  with  the  prediction  of  MC  theory, 

ur-  LJT"H~0) 

L^T»TCM~  0)-— (7) 

indicated  as  a  foil  line  in  Fig.  3(a).  There  is 
t,(Tc,ff— *0)=58  GHz,  and  the  dynamical  critical  expo¬ 
nent  z  of  the  Heisenberg  ferromagnet  equals  f.  Qualitatively 
speaking,  this  feature  indicates  that  the  dipolar  anisotropic 
scaling  of  the  correlation  functions  xM  below  Tc  is  the 
same  as  above  the  Curie  point  Accordingly,  foe  strong  dipo¬ 
lar  force  dictates  the  homogeneous  magnetization  dynamics 
also  below  Tc  and  minor  energies,  arising  from  the  internal 


and  anisotropy  fields  play  no  role.  Apparently,  this  is  due  to 
the  fact  that  the  q=0  spin-wave  gap  is  much  smaller  than  the 
width  of  the  spin-wave  band,  originating  from  the  dipolar 
interaction.  Then,  the  novel  slowing  down  phenomenon  of 
Lt(T,H)  observed  here  may  be  considered  as  an  Anderson- 
Weiss  exchange  narrowing  toward  low  temperatures,  due  to 
the  dephasing  of  the  spin-flipping  dipolar  interaction  by  the 
increasing  dynamics  of  the  magnetization  modes.  Of  course, 
these  rather  crude  arguments  call  for  detailed  theoretical  con¬ 
siderations. 
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Dynamical  properties  of  quantum  spin  systems  In  magnetically  ordered 
product  ground  states 
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The  one-dimensional  spins  XYZ  model  ia  a  magnetic  field  of  particular  strength  has  a  ferro-  or 
anfiferromagneticaUy  ordered  product  ground  state.  The  recursion  method  is  employed  to  determine 
T=0  dynamic  structure  factors  for  systems  with  s  =  \,  1,  §.  The  line  shapes  and  peak  positions  differ 
significantly  from  the  corresponding  spin-wave  results,  but  their  development  for  increasing  values 
of  s  suggests  a  smooth  extrapolation  to  the  spin-wave  picture. 


>t  necessarily  the  presence  of  strong  quantum  fluc¬ 
tuations  ui  the  ground  state  that  is  primarily  responsible  for 
turning  the  T  =  0  dynamics  of  a  quantum  many-body  system 
into  a  challenging  topic  of  condensed-matter  theory.  Even  for 
systems  with  no  correlated  quantum  fluctuations  in  their 
ground  state,  the  dynamically  relevant  excitation  spectrum 
may  be  exceedingly  complex,  and  the  spectral  weight  in  dy¬ 
namical  quantities  may  be  distributed  over  frequency  bands 
of  infinite  width.  This  will  be  demonstrated  for  a  system  of 
localized  spins  with  an  exact  ferro-  or  antiferromagnetic 
product  ground  state.  The  shortcomings  of  the  harmonic 
alias  linear  spin-wave  alias  single-mode  approximation  are 
found  to  be  considerable. 

We  consider  the  spin-s  XYZ  ferromagnet  in  a  magnetic 
field, 

N 

H=-S  {JtfSU ,  ,  +J&SU i+hSj),  (1) 

1-1 

for  J x7nJ z3>0,  even  N,  and  periodic  boundary  condi¬ 
tions.  If  the  magnetic  field  has  a  particular  strength, 
A=AN=2s[(J,-Jj)(Jy-J,)]1/2,  that  system  is  known  to 
have  a  product  ground  state  wave  function, 

(G)=  ®  l/,(d)|s)j,  (2) 

l-\ 

where  the  unitary  transformation  represented  by  de¬ 

scribes  a  rotation  of  the  spin  direction  at  site  I  by  an  angle 

arccos  yJ(Jy -Jz)/(Jt  -Jx)  away  from  the  z  axis  into  the 
x z  plane.'  |G)  is  a  state  of  maximum  ferromagnetic  order, 
<M)=(G|S(|G)=(s  sin  d,  0,  s  cos  d).  The  ground  state  en¬ 
ergy  is  Ec~  -Ns2(Jx+Jy-Jz). 

Previous  studies  of  this  system,  motivated  by  the  search 
for  new  rigorous  results  in  quantum  many-body  dynamics, 
led  to  two  general  conclusions:2"4  (i)  The  conditions  under 
which  ferromagnetic  spin  waves  are  exact  eigenstates  of  H 
are  much  more  restrictive  than  those  for  the  existence  of  the 
product  ground  state,  namely  Jx=Jy  or  q=  it  or  s-*w,  in 
addition  toh=hN.  (ii)  The  realization  of  the  product  ground 
state  |G)  implies  the  following  rigorous  relations  between 
file  T=0  dynamic  structure  factors  Sull(q,a>): 

Sa(q,o>)=Syy(q,to)ccn?  d+4sr 2s2  sin2  &8(to)S(q), 


**Oa  leave  from  (flatter  fir  Pbyrik,  Ihdveffhat  Dortmund,  44221  Dortmund, 
Germany. 


S„(q,<u)  =  S,y(q,<u)sin2  d-Mw2*2  cos 2dS(w)8(q). 

(3) 

The  only  known  rigorous  and  explicit  results  pertain  to 
the  s=  j  XY  model  (Jx=  1  +  y,  Jy=  1  -  y,  J,- 0),  and  can 
be  evaluated  in  the  form  of  a  two-particle  Green’s  function 
for  free  lattice  fermions,5  in  combination  with  relations 

O):2"4 

„  ,  y  t/4(l  — y2)cos2(q/2)-(<u— 2)z 

Sj>(?’")“2(1  -  y)  [w-2  sin1(q/2)]I+  yI  sin1  q 

Xfi[4(l-  y2)cos2(q/2)  — («»— 2)2].  (4) 

Whereas  spin-wave  theory  predicts  a  single  spectral  line  in 
SM/l(q,to)  at  the  frequency  <asw=2s(Jx-Jy  cosq),  expres¬ 
sion  (4)  is  represented  by  a  spectral-weight  distribution  that 
consists  of  a  peak  shifted  relative  to  and  with  nonzero 
intrinsic  width.2  However,  the  result  (4)  does  not  yet  fully 
reflect  the  generic  structure  of  S^q.ui)  for  this  situation. 

Our  analysis  of  generic  cases  (r>j  XY  or  XYZ 
with  arbitrary  s )  employs  the  recursion  method.  For  this  ap¬ 
plication,  it  is  based  on  an  orthogonal  expansion  of 
the  wave  function  |^J(r))=SJ(-r)|G),  where  S£ 
=AT',/22/e‘,,Sf‘.6"8  The  recursion  algorithm  produces  (af¬ 
ter  some  intermediate  steps)  a  sequence  of  continued-fraction 
coefficients  AfTq),  tx%“(q),...,  for  the  relaxation  function. 


Z+  AH9)  ’ 

z-l - . - 


(5) 


which  is  the  Laplace  transform  of  the  symmetrized  correla¬ 
tion  function  £K(S£(f)S*,)/(SyS  tq).  The  dynamic  struc¬ 
ture  factor  S^iq, to),  which  is  the  Fourier  transform  of 
(SJ(f)S(^),  can  be  obtained  directly  from  (5)  as  follows  (for 
T=  0): 


«-,o 

(6) 

The  simple  dependence  of  the  product  wave  function  |G)  on 
the  size  of  the  system  offers  the  advantage  that  we  can  com¬ 
pute  a  significant  number  of  size-independent  coefficients 
AfM(q).9  In  Fig.  1  we  have  (dotted  the  sequences 
1=0)  for  four  different  applications  of  foe  recursion 
method.  Each  one  of  the  four  qualitatively  different  patterns 
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FIG.  t.  Continued- fraction  coefficients  Ar'(O)  end  (resceied)  A*'(0).  as 
obtained  from  the  rccursjoo  method  for  tile  determination  of  the  T=0  dy¬ 
namic  structure  factors  -  0,w),/i  "  v.r.  of  the  ID  spin-s  XY  model 

(/,=  l  +  y,  Jr=l-y,  y,=0,  *=*n)  wtth  y=J,  and  the  spin  quantum 
number  s,  as  specified  in  each  at  the  four  panels. 


displayed  by  these  sequences  bears  the  signature  of  a  char¬ 
acteristic  property  of  the  associated  jyM(q  =  0,<o). 

In  panels  (a)  and  (b),  the  A2,_,  and  the  A2t  tend  to 
converge  to  different  (finite)  values  A£0)  and  A!'1,  respec¬ 
tively.  If  ASf*>  A^  as  in  (a),  the  implication  for  the  dynamic 
structure  factor  is  that  all  its  spectral  weight  is  confined  to 

the  interval  mu;„So»’S<j _ with  ainjn=\J -  VA^|, 

“■aa=  Va®.  If  A^l|<A^)  as  indicated  in  (b)  for 
*>5,  the  dynamic  structure  factor  has  a  $o>)  contribution,  in 
addition  to  the  continuous  part.8  These  are  precisely  the 
properties  of  the  known  functions  Syy(0,ta)  and  S„(0,oi)  for 
the  s=y  XY  model,  as  inferred  from  (4)  and  (3). 

In  panels  (c)  and  (d),  the  two  subsequences  Aj*  and 
A»-i  grow  roughly  linearly  with  k  to  infinity,  but  with  dif¬ 
ferent  average  slopes.  The  linear  average  growth  of  a  A, 
sequence  implies  that  the  associated  dynamic  structure  factor 
has  unbounded  support  and  that  the  spectral  weight  tapers  off 
by  a  Gaussian  decay  law,  —  e~"  ,  at  high  frequencies.  If  the 
Ay  .i  grow  more  steeply  than  the  Aj*  as  in  (c),  it  can  be 
concluded  that  the  dynamic  structure  factor  has  a  gap  at 
(Xio< fl.  If  that  pattern  is  reversed  asymptotically,  as  in  (d) 
for  *>5,  it  signals  the  presence  of  an  additional  <5(<o)  con¬ 
tribution  in  the  dynamic  structure  factor.  Our  observations 
indicate  that  patterns  (c)  and  (d)  are  generic  for  Sjr(0,<u)  and 
£„((),<»),  5^(0,  <o),  respectively,  of  the  spin-s  XYZ  model. 
The  exception  is  the  s=jJTy  case,  where  patterns  (a)  and  (b) 
obtain. 

For  fixed  q*0,  the  At  sequences  of  all  three  functions 
S^(q,»>),ft=x,y,z  are  the  same  in  consequence  of  (3).  For 
q=0,  by  contrast,  the  additional  <5(<u)  contributions  in 
S„(0,a>)  and  S„(0,«u)  lead  to  a  pattern  reversal  from  (a)  to 
(b)  or  from  (c)  to  (d),  with  two  characteristic  properties:  (i)  it 
leaves  the  sum  of  successive  pain  of  coefficients, 
A£f_,(0)  +  Aff(0),  invariant;  (ii)  the  factor  by  which  the 
first  coefficient  changes  determines  the  weight  of  foe 
4«)  contribution:  A“(0)/A-}r(0)  *  cos2  #,  Af(0)/ 
A*'(0)  -  sm2  A. 


u/ 2s 


FIG.  2.  Normalized  dynamic  structure  factor  SyymSyy(q,m)/{SrfSy-  (for 
<7=0)  at  r=0  of  the  ID  JIT  model  +  k=hH)  with 

y=4-  The  three  curves  in  the  main  plot  represent  the  results  for  s=£,l,  f,  as 
obtained  from  the  recursion  method  combined  with  the  continued-fraction 
analysis  outlined  in  the  text  For  better  visibility,  we  have  expanded  the 
vertical  scale  by  a  factor  of  10  for  the  sptn-§  curve.  The  number  of 
continued-fraction  coefficients  used  it  K~  16.  The  vertical  dashed  line  rep¬ 
resents  the  daasical  spin-wave  result  for  the  same  function-  the  inset  shows 
again  the  spin-j  result  (solid  line)  on  different  scales,  now  in  comparison 
with  the  exact  expression  (4)  (dashed  line). 


For  foe  reconstruction  of  the  dynamic  structure  factor 

.S^O.ai)  from  the  known  coefficients  Afy(0) . Aj^(0), 

such  as  is  shown  for  two  distinct  cases  in  panels  (a)  and  (c) 
of  Fig.  1,  we  proceed  according  to  the  well-tested  method 
outlined  previously.7-8,10  At  first,  we  select  a  model  spectral 
density  <t>0(<i>),  which  is  compatible  with  the  general  struc¬ 
ture  of  Syy(0,oi)  identified  above.  For  case  (a)  we  choose  foe 
function 

<i>o(a*)= - 3 - 8(|ttf|-li>mto)0(a>„„-|‘u|).  (7) 

wmu  wmin 

which  has  bounded  support  and  a  gap,  and  for  the  case  (c) 
foe  function 

<I>Q 

which  has  unbounded  support  and  a  gap.  Each  function  has 
two  parameters,  whose  values  are  determined  by  matching 
foe  coefficients  A£r(0)  of  panels  (a)  and  (c)  with  the 
continued-fraction  coefficients  of  the  corresponding  model 
relaxation  function, 


Next,  we  expand  the  model  relaxation  function  into  a 
continued  fraction  down  to  level  K  and  replace  its  continued- 
fraction  coefficients  by  those  from  panels  (a)  and  (c)  for  the 
two  situations,  respectively.  That  yields  an  approximation  of 
(5),  which  is  of  high  precision,  as  we  shall  see.  The  dynamic 
structure  factor  Syy(0,w)  is  then  obtained  via  (6).  The  prac¬ 
tical  aspects  of  this  procedure  have  been  described  in  previ¬ 
ous  applications  to  different  physical  situations.710 
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lit  older  to  demonstrate  the  degree  of  accuracy  of  out 
method,  we  first  reconstruct  the  function  Syy(0,«o)  for  the  s 
=i  XY  model  with  y=i  from  the  Afr(0)  of  penel  (»)  sad 
compere  it  with  the  exact  expression  (4).  The  two  results  are 
plotted  in  the  inset  to  Fig.  2.  The  coefficients  A{y(0)  of  panel 
(c)  pertain  to  spin  quantum  nmnber  t*l.  The  reconstructed 
dynamic  structure  factor  S„(P,u)  is  shown  in  the  main  plot 
°f  Fif.  2.  Note  the  different  vertical  and  horizontal  scales, 
Abo  shown  ate  the  results  for  s  =  J  (the  same  as  in  the  inset) 
and  for  j  =  $.  The  latter  has  been  reconstructed  from  16  co¬ 
efficients  Ag'fO),  which  also  exhibit  pattern  (c).  The  spectral 
line  shown  dashed  represents  the  spin-wave  result 
Syy(0,»)=2ira(a>~4sy),  which  is  exact  in  the  classical  limit 
5=o°.  Wc  conclude  that  quantum  effects  are  very  significant. 
They  produce  nontrivial  line  shapes  and  move  the  peak  po¬ 
sitions  by  as  much  as  a  factor  of  2.1  relative  to  the  spin-wave 
prediction.  Nevertheless,  convergence  of  the  quantum  results 
for  increasing  s  toward  the  classical  result  is  indicated. 

Our  results  thus  expose  the  limitations  of  spin-wave 
theory  in  quantum  spin  dynamics  very  clearly.  No  matter 
how  favorable  the  circumstances  for  the  application  of  a  har¬ 
monic  analysis  or  single-mode  approximation  are,  the  ge¬ 
neric  structure  of  the  functions  S^q.u)  for  quantum  spin 
systems  at  r=0  deviates  considerably  from  the  results  pro¬ 
duced  on  tint  basis,  especially  for  small  spin  quantum  num¬ 
bers;  The  spectral  weight  is  distributed  over  bands  of  infinite 
width  (unbounded  support),"  and  is  dominated  by  lines  with 
nonzero  intrinsic  width  at  frequencies  that  differ  significantly 
from  the  spin-wave  dispersion.  Since  these  quantum  effects 
cannot  be  attributed  to  die  strongly  fluctuating  nature  of  typi¬ 
cal  ID  phenomena,  there  is  n  t  reason  to  assume  that  they  are 
less  pronounced  in  2D  and  3D  magnetic  systems. 

All  the  conclusions  reached  in  this  study  for  the  spin-r 
XYZ  fenomagnet  (7^*0)  can  be  translated  into  similar  con- 


dustona  for  the  same  model  with  anrifenwagnettr  coupling 
U„«sO).  That  model  has  a  spin-flop  ground  state  at  a  par¬ 
ticular  strength  of  the  magnetic  field.  Therefore,  the  order 
parameter  causes  a  pattern  reversal  at  q=  w  in  Su(q,<u)  and 
a!  q  =  0  m  S„(q,v). 

ACKNOWLEDGMENTS 

This  work  was  supported  by  the  U.S.  National  Science 
Fotadatioa,  Grant  No.  D MR-93-1225 2.  Computations  were 
carried  out  on  supercomputers  at  the  National  Center  for  Su¬ 
percomputing  Applications,  University  of  Illinois  at 
Urbans— Champaign.  J.S.  gratefully  acknowledges  support 
by  the  Max  Kade  Foundation. 

1 J.  Kuiaua,  H  now.  tad  G  Miner.  Phytica  A 112.  235  (1982) 

,J.  R  Taylor  mi  G.  Mutter,  Phya.  Rev.  B28.  1329  (1983). 

>G.  Mailer  aad  R.  E.  Shrocfc,  Phya  Rev.  B  32,  3843  (1983). 

*0.  Maher,  2.  Phya.  B  M.  149  (1987). 

3T.  Niemener,  Phyuca  34.  377  (1967);  S  Kamua,  T.  Hongudu,  and  M. 
Suzuki,  ibid.  44,  67  (1970). 

‘E.  R  Gagliano  lad  C.  A  Babeiro,  Phya.  Rev.  Leo  59.  2999  (1987);  M. 
R  Lee,  Phya.  Rev.  B  2*.  2347  (1982). 

’V.  S.  Viunnffl  aad  G.  Muller,  J.  Appl.  Phya.  «7.  5486  (1990);  78.  6178 
(1991). 

1 V.  s.  Vbwiaatk  tad  G.  Miller,  "The  uscrfnendly  lecutaaon  method 
(uapabtnhed). 

*  Since  Che  functions  S„(0,»>)  aad  3o(0>>)  mourn  (far  bade  N)  t  wrongly 
N- dependent  contribution  a  as™  0,  which  nyeeali  the  (ezteaaive)  order 
penuneter  ,V(M),  the  coareapondms  coeffideota  Af"(0).  p- x.i  gener¬ 
ated  by  the  lecunioe  method  are  not  automaticaily  N  independent  How¬ 
ever,  they  one  be  made  N  independent  by  a  sanpic  rvacalieg  aad  thee 
describe  Sw(0j«)  at  the  mfiaile  system  For  that  study  we  have  converted 
the  Af(0)  irao  frequency  momenta,  multiplied  thoae  by  (S’S’_,X(SJ3'-,) 
(far  q=0)  and  rhea  converted  them  back  to  continued-fraction  coeffi- 
aaa 

“V.  S.  Vtawvuth,  S.  Zhang.  J.  Stofae,  aad  G.  Miller,  Phya.  Rev.  B  (in 

preaa)  , 

“The  5‘;  XY  model,  which  yields  finite  beadwidths  (bounded  support),  is 
an  ezoeptioa  in  that  aspect. 


A  AppL  Phya*  MR  78,  No.  10,18  May  1884 


1 


Baft  4Ufttf^MftMft4ft^ft^ftft^B^  taw  ■  uftaB^aa  BaLaaBft  ftaaft^j  aa^ft 

HMQnoni  in  TMTonMgMiic  WDHivn  unotr  niyn  prtiiuvv 

S.  Kaawno 

Research  Reactor  Institute,  Kyoto  University,  Kumetari,  Stamm i,  Osaka  590-04,  Japan 

J.  A.  Femandaz-Baca  and  R.  M.  NWdow 

SoU  State  Division,  Oak  Ibdge  National  Laboratory,  Oak  Ridge,  Tennessee  378314393 

We  have  performed  aa  inelastic  neutron  scattering  experiment  in  order  to  investigate  the  pressure 
dependence  of  the  magma  dispersion  of  tetbtum  in  its  ferromagnetic  phase.  On  measurements 
were  performed  along  the  crystal  c  axis  a  90  K  (well  below  the  Curie  temperature  7"c=220  K)  at 
ambient  pressure,  and  at  4.3  and  15.2  kbar  of  applied  hydrostatic  pressure.  The  difference  between 
the  magnon  dispersion  curves  at  ambient  pressure  sad  at  4  J  kbar  is  small,  while  at  15.2  kbar  the 
thspeiskw  curve  shifts  appreciably  towards  higher  energies.  The  measured  magnoa  dispersion 
curves  have  been  analyzed  using  a  Hamiltonian  that  includes  Heisenberg  exchange  aa  well  aa 
single-ion  anisotropy  terms.  For  each  dispersion  curve  we  have  calculated  five  exchange  constants 
and  two  anisotropy  terms.  The  energy  gap  *t  g  =  0  due  to  the  anisotropies  is  enhanced  with  pressure 
and  exchange  interactions  acting  between  c  planes  appear  to  decrease  with  the  application  of  high 
pressure. 


L  INTRODUCTION 

The  magnetic  properties  of  the  rare  earth  (R£)  metals 
under  high  pressure  have  been  extensively  studied  in  the  past 
decades.'  These  studies  have  provided  useful  information  on 
the  nature  of  the  magnetic  interactions  that  cause  the  anisot¬ 
ropy  and  characteristic  oscillatory  spin  configurations  of 
these  elements.  These  efforts,  however,  have  been  concen¬ 
trated  on  magnetic  static  properties,  and  have  included  stud¬ 
ies  of  the  ordering  temperatures  from  susceptibility  and  elec¬ 
trical  resistivity  measurements,2-3  and  studies  of  magnetic 
structures  using  neutron  diffraction.4-3  The  study  of  the  spin 
dynamics  of  these  systems  has  been  hampered  by  experi¬ 
mental  difficulties,  the  requirement  of  relatively  large 
samples  (several  mm3)  needed  to  perform  neutron  inelastic 
scattering  measurements  has  been  incompatible  with  the 
available  high-pressure  devices  that  could  be  used  at  low 
temperatures.  Recently  Onodera  et  aL&  have  developed  a 
McWhan-(damp)  type  high-pressure  cell  for  neutron  scatter¬ 
ing  that  is  capable  of  accommodating  a  relatively  large 
sample,  and  achieving  up  to  about  30  kbar  at  temperatures 
between  4  K  and  room  temperature.  In  this  paper,  we  present 
preliminary  results  of  a  recent  inelastic  neutroa  scattering 
experiment  performed  using  this  high-pressure  device.  In 
this  experiment  we  have  studied  the  magnon  dispersion  of 
ferromagnetic  terbium  under  pressures  of  up  to  15.2  kbar. 
The  reason  for  foe  selection  of  Tb  for  this  type  of  study  is 
that  this  element  has  one  of  the  lowest  thermal  neutron  ab¬ 
sorption  cross  sections  among  the  RE,  at  the  same  time  that 
it  has  a  large  magnetic  moment  (9.3/r*)  in  its  ferromagnetic 
phase. 

The  nature  of  the  magnetic  excitations  in  the  heavy  RE 
metals  is  determined  by  the  Hamiltonian:7 

(1) 

The  first  term  in  this  equation,  Ma,  is  the  exchange  energy 
doe  to  a  long-range  RKKY  exchange  interaction  between  the 
RE  highly  localized  4f  moments.  This  term  is  predominantly 
isotropic  and  has  a  Heisenberg  form.  The  second  term,  3ffa, 
is  the  crystal-field  (CF)  anisotropy  energy  Other  sources  of 


anisotropy  (magnetoelastic  energy,  etc.)  are  neglected  in  this 
Hnmihoniin.  It  is  frequently  assumed  that  in  the  rare  earth 
metals  Jff„> and  that  the  only  effect  of  the  crystal-field 
anisotropy  is  to  impose  a  preferred  direction  of  the  magneti¬ 
zation  ami  to  produce  a  gap  in  the  magnon  spectrum.  The 
energy  levels  under  this  assumption  ire  equally  spaced  J, 
levels  and  the  low -temperature  elementary  excitations  of  the 
system  are  magnons,  or  collective  propagating  excitations 
from  the  (/,)*/  ground  state.  In  this  model  the  magnon 
dispersion  relation  can  he  obtained  by  means  of  Hobteia- 
Primakoff-type  transformations  followed  by  the  proper  di- 
agonalization  of  the  transformed  Hamiltonian.  This  approach 
has  been  used  successfully  to  describe  the  magnetic  excita¬ 
tions  of  Gd,  Tb,  Dy,  and  Ho.7  The  magnetic  excitations  of 
ferromagnetic  Tb  at  ambient  pressure  have  been  studied  in 
detail  some  time  ago*"10  It  ia  of  interest,  therefore,  to  com¬ 
pare  the  magnon  dispersion  from  our  measurements  with 
those  performed  under  ambient  pressure. 

N.  EXPERIMENT 

The  sample  used  in  this  experiment  was  a  single  crystal 
prepared  by  strain  annealing  an  arc  melted  button  of  high- 
purity  (99.9%)  Tb.  The  sample  was  cut  in  an  approximately 
cylindrical  shape  of  about  8  mm  length  and  4  mm  diameter 
The  sample  was  placed  inside  an  aluminum  microcell  that 
contained  a  pressure-transmitting  "incompressible"  fluid, 
Fhtorinert  (a  fluorocarbon  manufactured  by  Sumitomo 
Cbem.  Co.).  The  aluminum  microcell  was  placed  in  t  high- 
pressure  cell  (described  by  Onodera  et  of*),  which  was 
mounted  in  a  dosed  cycle  helium  refrigerator.  The  pressure 
at  the  sample  was  hydrostatic  and  the  magnitude  of  this  pres¬ 
sure  was  monitored  by  in  si m  measurements  of  the  lattice 
parameter  of  a  Nad  single  crystal,  which  was  also  mounted 
in  the  aluminum  microoeU,  next  to  the  Tb  crystal.  For  the 
measurements  at  ambient  pressure  and  at  43  kbar  pressure,  a 
sapphire  (single  crystal)  cylinder  was  used  as  a  pressure  sup¬ 
porting  device.  The  use  of  this  cylinder  resulted  in  a  very 
favonble  signal-to-background  ratio  in  the  magnon  measure¬ 
ments.  Unfortunately  this  sapphire  cylinder  could  not  stand 
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pressures  higher  than  7  kbar,  and  for  the  measurements  of 
15.2  kbar  a  poiycrysteJline  AljO 3  pressure  supporting  cylin¬ 
der  was  used  instead.  The  use  of  this  AljO,  cylinder  resulted 
in  a  poorer  signal- to-background  ratio.  All  the  measurements 
wete  performed  at  90  K,  which  is  wefl  below  the  Curie  tem¬ 
perature  (Tc*220  K). 

The  neutron  scattering  measurements  were  performed 
using  conventional  tripie- axis  spectrometers  at  the  High  Flux 
Isorope  Reactor  (HF1R)  at  Oak  Ridge  National  Laboratory. 
The  measurements  were  made  in  both  the  constant-wave- 
vector  Q  mode,  at  Q“(O,O,2+0  with  f«l,  and  the  constant - 
energy  mode.  Pyrolitic  graphite  (PG)  crystals  were  used  as 
monochromator  and  analyzer.  The  final  neutron  energy  was 
kept  fixed  at  13.7  me V,  and  a  PG  filter  was  used  in  order 
to  eliminate  higher-order  wavelength  contaminations.  Soller- 
slit  collimators  were  utilized  to  obtain  horizontal  collima- 
tions  of  60' -40' -40' -60'  (for  the  measurements  at  ambient 
pressure  and  at  4.3  kbar)  and  60' -40' -40' -30'  (for  the  mea¬ 
surements  at  1S.2  kbar). 


«.  RESULTS  AND  DISCUSSION 

In  all  our  measurements  at  ambient  pressure  and  at  4.3 
kbar,  well  defined  magnoo  peaks  were  observed  at  all  wave 
vectors  studied.  At  15.2  kbar,  on  the  other  band,  well  re¬ 
solved  peaks  were  observed  only  at  the  larger  wave  vectors 
while  at  the  smaller  wave  vectors  the  observation  of  the  mag- 
non  peaks  was  difficult  due  to  the  high  background  of  neu¬ 
trons  scattered  from  the  A1203  pressure  supporting  cylinder, 
and  from  the  inevitable  increase  of  the  Tb  crystal  mosaic 
spread  with  applied  pressure.  Figure  1  shows  an  example  of 
a  magnon  peak  observed  in  a  ooosunt-Q = (0,0,2. 7)  scan  at 
90  K  for  the  three  pressures  studied.  In  this  figure  the  solid 
lines  are  the  result  of  least-squares  fits  to  Gaussian  line- 
shapes.  The  magnon  energies  identified  from  semis  along  the 
(0,02+4)  direction  have  been  plotted  versus  4  in  Fig.  2  as 
filled  circles  (ambient  pressure  data),  open  circles  (4.3  kbar 
data),  and  filled  triangles  (15.2  kbar  date).  In  this  figure  it 
can  be  appreciated  that  the  magnon  energies  at  ambient  pres¬ 
sure  and  at  43  kbar  are  very  similar  (within  the  errors  of  our 
experiment).  These  energies  are  in  general  agreement  with 
the  early  (ambient  pressure)  results  of  Jensen  et  aL *  In  Fig.  2 
it  can  also  be  seen  that  the  dispersion  curve  of  magnons  at 
1S.2  kbar  is  evidently  hardened  at  this  pressure,  Le.,  the  mag¬ 
non  energies  shift  toward  higher  energies  at  all  wave  vectors. 
The  energy  gap  at  q=0  due  to  the  anisotropy  also  seems  to 
he  enhanced  at  this  pressure,  although  a  direct  determination 
of  this  gap  was  not  possible. 

The  magnon  dispersion  relation  for  Tb  in  its  ferromag¬ 
netic  phase,  and  for  wave  vectors  q  along  the  c-»xis  direc¬ 
tion,  can  be  approximated  by: 

£(<!>=  >4i(9)+OJ[;(q)+Dt],  (2) 

where  D„  and  17,  are  the  planar  and  axial  anisotropy  param¬ 
eters, 

/(*)“  2  l«{l-cos(q»c)]. 


FIG.  1.  Coftftaut-Q  leans  «  Q :  (0,0,2  +-0.7)  far  farronugaetic  Tb  »l  F-90 
K  under  (a)  Knbwrl  pressure,  (b)  4.3  kbar,  and  (c)  15.2  kbar.  The  solid  lines 
are  boa  a  fit  to  Gaunian  lineshapes.  The  data  sets  (a)  aad  (b)  where  cot- 
laded  naans  a  sapphire  cylinder  and  the  data  set  (c)  was  collected  using  an 
AlzQi  cylinder. 


q  =  |q|=2ir  &c,  1,  and  is  the  effective  exchange  inter¬ 

action  between  ions  located  in  different  planes  that  are  nor¬ 
mal  to  the  c  axis,  and  separated  by  a  distance  nc.  In  writing 
Eq.  (2)  we  have  neglected  two-ion  (i.e.,  q  -dependent)  anisot¬ 
ropy  terms;  this  assumption  seems  to  be  reasonable  at  the 
temperature  where  our  measurements  were  taken.8  Note  that 
in  Ref.  7  j(g)  is  written  ns  j(q)-J]  jX0)~j%q)}.  Also  note 
that  j(q)  is,  in  general,  temperature  dependent,  and  we  have 
assumed  that  its  renormalization  with  temperature  is  not  de¬ 
pendent  on  the  wave-vector  q.  The  energy  gap  of  the  disper¬ 
sion  relation  of  Eq.  (2)  is  given  by  A=v/f>xD,.  We  have 
performed  a  least-squares  fit  of  our  experimental  data  to  the 
dispersion  relation  of  Eq.  (2).  A  reasonable  fit  to  the  data  can 
be  obtained  when  we  include  interactions  of  5  at  more 
neighboring  planes  [corresponding  to  5  or  mare  exchange 
constants  in  Eq.  (3)],  and  two  anisotropy  constants  (D,  aad 
£>,).  Hoomann  et  ai'°  have  shown  that  in  Tb  the  axial  an¬ 
isotropy  is  considerably  larger  than  the  plane  anisotropy  and 
that  DJDX~2D  (at  T=90  K).  For  this  reason  in  our  fits  we 
have  assumed  that  D,=2QDJt.  The  dispersion  relations  ob¬ 
tained  from  the  fits  using  5  exchange  constants  are  shown  in 
Fig.  2  as  a  solid  line  (for  the  ambient  pressure  and  43  kbar) 
which  are  imfistingutsbable  for  all  practical  purposes),  and  as 
a  broken  line  (15.2  kbar  date).  These  fits  indicate  that  the 
energy  gap  A  increases  from  -l. 44  meV  (at  ambient  pres¬ 
sure  and  at  43  kbar)  to  ~2  roeV  at  15.2  kbar.  We  must 
reiterate,  however,  that  in  our  measurements  at  this  high 
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FIG.  2.  Magnoa  dispersioo  relations  for  ferromagnetic  along  die  c  axis 
at  90  K  at  ambient  pleasure  and  under  43  and  15.2  kbar.  The  solid  and 
dotted  lines  shown  in  this  figure  represent  the  result  of  a  least-squares  fit 


pressure  we  could  not  measure  the  magnitude  of  the  energy 
gap  directly  due  to  the  experimental  difficulties  mentioned 
above.  Such  a  direct  measurement  would  be  highly  desirable 
because  in  Eqs.  (2)  and  (3)  there  is  a  correlation  between  the 
values  of  the  Ds  and  Dz  (which  determine  the  energy  gap  A) 
and  the  values  of  j. .  The  values  of  the  j„ ,  Dt ,  and  D, 
obtained  from  our  fits  are  shown  in  Tkbk  I.  For  comparison 
purposes  in  this  table  we  have  also  listed  the  values  of  j„  of 
Jensen  et  aL*  (calculated  for  T=  4.2  K)  renormalized  by  a 
^-independent  factor  of  0.9.  The  factor  of  0.9  has  been  esti¬ 
mated  from  Refs.  9  and  10  to  reflect  the  reduced  magnetiza¬ 
tion  at  7=90  K.  The  discrepancies  between  our  exchange 
constants  and  those  from  Jensen’s  at  ambient  temperature  are 
most  likely  due  to  our  assumption  of  ^-independent  renor¬ 
malization  of  these  constants.  The  corresponding  values  of 
j(q)  (7=90  K)  have  been  plotted  versus  q  in  Fig.  3  for  the 
three  pressures  studied.  From  this  figure  we  conclude  that  the 
general  features  of  j(q)  under  applied  pressure  are  qualita¬ 
tively  similar  to  the  corresponding  values  at  ambient  pres¬ 
sure,  and  that  j(q)  at  15.3  kbar  is  appreciably  smaller  than  at 


TABLE  I.  Interplmar  exchange  and  announpy  parameters  (in  me VI  ob¬ 
tained  from  the  least-aqaare  fin  of  the  T=  90  k  experimental  resells,  to  the 
diepenion  relation  of  Rq.  (2).  The  values  thown  in  pnreaheata  in  the  “am¬ 
bient  pressure"  column  correspond  to  the  first  five  exchange  constants  of 
Jensen  er  at1  (for  T=4,2  K)  renormalized  by  a  g -independent  factor  of  0.9. 


Ambient  preawirt 

43  kbar 

153  kbsr 

h 

2.893  (2.883) 

3.007 

2.775 

Ji 

0.583  (0.761) 

0.574 

0366 

it 

0.048  (0.013) 

0.000 

0.018 

>4 

0375  (-0349) 

-0.432 

-0398 

is 

ttl29  (-0.016) 

0.061 

0.049 

D, 

0322 

0321 

0.456 

A 

1.44 

1.44 

2.04 

FIG.  3.  The  Fourier  transformed  exchange  j(q )=JljKq)-  A0)J  in  the  c 
direction  deduced  for  ferromagnetic  Tb  from  the  magnoa  measurements  at 
90  K  under  (a)  ambient  pressure,  (b)  4  J  kbar,  and  (c)  15  J  kbar.  The  lines 
shown  represent  the  result  of  the  least-squares  fit  The  values  uf  q  are  ex¬ 
pressed  is  reciprocal  lattice  usrts  (rtu). 

ambient  pressure  or  at  4.3  kbar.  In  order  to  obtain  more  de¬ 
tailed  information  that  could  be  compared  with  the  results  of 
Jensen  etaL*  it  might  be  necessary  to  account  for  a 
q -dependent  renormalization  of  the  exchange  constants  j, . 
Further  efforts  in  this  direction  are  in  progress. 
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Polarization  analysis  of  magnons  in  CsMnls 

Z.  Tun  and  T.  C.  Hsu 

AECL  Research,  Chalk  River  Laboratories,  Chalk  River,  Ontario  KOI  1J0,  Canada 
J-G.  L ussier 

Department  of  Physics,  McMaster  University,  Hamilton,  Ontario  L8S  4U1,  Canada 

A  polarized  neutron  scattering  experiment  on  CsMnl}  shows  previously  unseen  magnons  at  wave 
vectors  (1/3, 1/3,1)  and  (001),  and  also  stows  that  die  single-ion  anisotropy  for  this  material  is 
substantially  larger  than  previously  repotted.  Linear  spin  wave  theory  can  adequately  describe  the 
observed  magnon  frequencies. 


Since  the  discovery  of  the  Haldane  gap1  in  CsNiClj, 
there  has  been  continual  activity2  to  investigate  the  spin- 
wave  spectrum  of  Heisenberg  anrifenomagoctic  (AFM)  ma¬ 
terials  with  the  same  hexagonal  crystal  structure.  One  such 
material  recently  examined  by  neutron  scattering3  is  CsMnI3 . 
Its  magnetic  structure  consists  of  AFM  chains  of  Mo3*  ions 
(spin-only  ions  with  S =3/2)  parallel  to  the  crystallographic  c 
axis.  The  chains  form  a  triangular  lattice  in  the  a-b  plane. 
Due  to  a  relatively  short  bridging  through  three  halogen  ions, 
the  intrachain  exchange  J  is  much  stronger  than  the  inter¬ 
chain  superexchange  J'.  At  sufficiently  high  temperatures  the 
chains  are  quasi-one-dimensional  systems  but  a  full  three- 
dimensional  order  develops  at  TN~ 8.2  K.  In  the  fully  or¬ 
dered  phase  (T<Tn)  the  saturated  moments  of  the  Mn2+ 
ions  form  a  planar  120°  spin  structure,  with  all  the  spins 
lying  in  the  crystallographic  a-c  plane.  Along  a  given  chain 
the  spins  exhibit  Neel  order,  but  between  nearest-neighbor 
chains  they  are  canted  from  each  other  by  approximately 
120°.  The  primary  ordering  wave  vector,  Q0,  of  this  mag¬ 
netic  structure  is  (1/3,1/3,1). 

The  spin-wave  spectrum  of  CsMnl3  was  measured  by 
Harrison  et  eL 3  with  inelastic  neutron  scattering.  Constant-# 
scans  were  performed  along  various  symmetry  directions  in 
Q  space  and  the  observed  magnon  frequencies  compared  to 
the  predictions  of  linear  spin  wave  (LSW)  theory  obtained  by 
adjusting  the  parameters  in  the  Hamiltonian 

//=/£  S,-S,-Kf'2  S,  S,+D2  (S')2, 

Li  i.i  i 

where  the  first  two  sums  are  over  nearest-neighbor  intrachain 
and  interchain  pairs,  while  the  last  term  represents  single- ion 
anisotropy. 

Harrison  et  aL 3  observed  a  small  energy  gap,  <0.1  THz, 
at  the  AFM  zone  center  Q  0  winds  they  attributed  to  Ising- 
like  anisotropy  (i.e.,  negative  D).  They  show  that  LSW 
theory  with  small  |D|,  merely  0.3%  of  the  leading  order 
interaction  J,  can  adequately  model  the  gap  mode  and  most 
of  the  observed  magnon  frequencies.  However,  at  the  wave 
vector  (001)  the  theory  predicts  three  magnons,  one  nonde- 
geaerate  mode  at  0.44  THz  and  two  degenerate  modes  at 
0.44 t/l  or  032  THz,  whereas  only  a  single  peak  was  ob¬ 
served  experimentally.  This  ted  to  speculation  that  LSW 
theory  fails  in  the  case  of  CsMnfj,  and  that  the  observed 
peak  actually  consists  of  all  three  magnons  at  approximately 
the  same  frequency. 


Another  prediction  of  LSW  theory3  is,  that  the  (001) 
magnons  separated  in  frequency  by  the  vl  ratio  are  due  to 
natations  of  Mn2+  spins  in  different  directions.  If  so,  it  is 
possible  to  devise  a  polarized  neutron  experiment  in  which 
the  noodegenerate  mode  appears  in  the  non-spin-flip  (NSF) 
scattering  and  the  degenerate  modes  in  the  spin-flip  (SF) 
scattering.  Provided  that  the  flipping  ratio  of  the  spectrom¬ 
eter,  defined  as  (NSF  intensity):(SF  intensity)  at  a  nuclear 
Bragg  peak,  is  sufficiently  high  the  two  groups  of  excitations 
can  be  resolved  into  NSF  and  SF  channels  no  matter  how 
close  they  are  in  frequency. 

A  polarized  neutron  experiment  as  described  above  was 
recently  reported  by  Tun  eta/.4  A  constant#  scan  at 
£*•(001)  showed  peaks  in  both  NSF  and  SF  channels  at 
approximately  the  same  frequency.  Additional  observations 
were  that  the  SF  peak  was  23%  wider  than  the  NSF  peak, 
and  that  the  SF  and  NSF  peaks  shifted  oppositely  in  fre¬ 
quency  when  a  magnetic  field  was  applied.  Hence,  although 
the  flipping  ratio  of  the  instrument  was  only  8:1,  Tun  et  al.* 
concluded  that  the  SF  signal  could  not  be  dismissed  as  sim¬ 
ply  feedthrough  of  the  stronger  NSF  signal.  It  then  follows 
that  the  single  peak  observed  by  Harrison  et  al.  must  consist 
of  both  NSF  and  SF  scattering,  a  feature  that  cannot  be  mod¬ 
eled  by  their  smal!-|Z>|  LSW  theory.  However,  as  the 
authors4  cautioned,  a  neutron  scattering  measurement  made 
at  a  single  point  in  Q  space  is  not  enough  to  reveal  all  the 
magnetic  excitations  at  the  corresponding  reduced  wave  vec¬ 
tor. 

This  paper  reports  further  polarized  neutron  measure¬ 
ments  on  CsMnlj  carried  out  at  die  NRU  Reactor,  Chalk 
River.  The  triple-axis  spectrometer  of  the  DUALSPEC  facil¬ 
ity  was  used  with  Cu2MnAI  Haider  alloy  monochromator 
and  analyzer,  each  with  a  mosaic  spread  of  —0.6°.  The  col- 
limations  of  the  reactor  beam,  monochromatic  beam,  scat¬ 
tered  beam  and  the  beam  before  the  detector  were  0.40°, 
0.79°,  0.80°,  and  2.6°  respectively.  A  Mezei  spin  flipper  be¬ 
fore  the  analyzer  was  tuned  to  rotate  the  scattered  neutron 
spin  by  it  so  that  NSF  and  SF  scattering  processes  could  be 
measured  alternately.  Tbe  sample  was  mounted  with  its  crys¬ 
tallographic  a-c  plane  horizontal,  and  was  cooled  to  4  K  in  a 
vertical  magnetic  field  so  as  to  produce  a  single  magnetic 
domain.  We  will  denote  the  canting  plane  of  the  Mn24  spins 
in  this  domain  as  the  x-z  plane,  where  x  and  z  are  unit 
vectors  parallel  to  the  a  and  c  axes.  The  neutron  polarization 
direction  defined  by  the  field  it  labeled  y  since  it  is  normal  to 
bote  sari  z.  Constant -Q  inrlmtlc  scans  were  performed  at 
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FIG.  1.  Coosum-g  scam  at  @=(001)  and  (111),  measured  with  polarization  analysis  of  the  scattered  neutrons,  typical  counting  errors  are  shown  for  selected 
points.  The  labels  NSF  and  SF  stand  for  non-spin- flip  and  spin-flip  scattering. 


(001)  and  (111),  and  also  at  Q„=(l/3, 1/3,1)  and  nearby  wave 
vectors.  For  the  (001)  and  (111)  measurements  with  a  final 
neutron  energy  £'  of  3.52  THz,  a  pyrolytic  graphite  filter 
was  installed  in  the  scattered  beam  to  suppress  \J2  and  X/3 
neutrons.  This  setup  gave  a  flipping  ratio  of  24:1.  No  filter 
was  used  for  the  measurements  around  Go  with  £'=2.5  THz. 
In  this  case  the  sample  itself  acts  as  a  filter  (2/3 ,2/3,2)  has 
zero  intensity  (an  AFM  reflection  at  the  nuclear  zone  center 
f= 2)  while  (113)  is  a  systematically  absent  nuclear  reflec¬ 
tion.  The  inverse  of  the  flipping  ratio,  measured  on  magnetic 
Bragg  peaks,  was  1:32. 

The  scans  at  (001)  and  the  equivalent  wave  vector  (111) 
are  shown  in  Fig.  1.  The  scans  show  a  NSF  peak  which 
arises  from  S’’’’  fluctuations  of  the  Mn2+  spins.  The  fre¬ 
quency  is  0.42  THz  at  both  wave  vectors  but  the  peak  is 
sharper  at  (111).  The  difference  in  peak  width  is  well  ac¬ 
counted  for  by  how  the  spectrometer  resolution  ellipsoid  is 
oriented  with  respect  to  the  direction  of  gratKu)  in  Q  space. 
The  integrated  intensity,  approximately  given  by  (height 
XFWHM),  is  —50%  lower  at  (111).  This  intensity  variation 
is  consistent  with  the  decrease  of  the  Mn2+  magnetic  form 
factor  at  larger  \Q\,  combined  with  the  increased  neutron 
absorption  by  die  sample  at  the  (111)  position  (because  of 
sample  shape).  In  the  SF  channel,  which  detects  5"  and  S“ 
fluctuations,  a  peak  with  maximum  intensity  at  0.37  THz  is 
observed  at  (001).  The  SF  peak  is  wider  than  the  NSF  peak 
became  of  file  asymmetric  line  shape  with  excess  intensity 
os  the  high  frequency  side.  The  reason  for  this  unusual  line 
shape  is  not  known.  At  (111)  fix  0.37  THz  peak  is  greatly 
reduced  is  intensity  and  mother  peak  appears  at  about  0.21 
THx.  The  large  differences  in  the  SF  peak  intensities  be¬ 
tween  (001)  and  (111)  is  understandable  since  magnetic  scat- 
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tering  detects  only  those  excitations  normal  to  the  scattering 
vector.  For  instance,  at  (001)  the  scattering  vector  is  parallel 
to  the  c  axis,  and  the  spectrometer  does  not  detect  any  5a 
fluctuations.  The  0.21  THz  peak  at  (111)  is  therefore  identi¬ 
fied  as  an  S“  mode  and  the  0.37  THz  peak  as  an  S"  mode. 

The  results  presented  in  Fig.  1,  especially  the  newly  ob¬ 
served  0.21  THz  mode,  lead  us  to  conclusions  significantly 
different  from  those  of  Tun  el  al*  The  magnons  at  (001)  can 
be  modeled  by  LSW  theory  but  the  anisotropy  |0|  required 
is  larger  than  the  value  obtained  by  Harrison  el  al,3  0.0005 
THz.  Based  on  the  observed  5“  and  S"  frequencies  we  es¬ 
timate  that  |D|  should  be  increased  by  about  a  factor  of  4, 
i.e.,  |D|  =0.002  THz..  The  larger  |D|  will  of  course  require 
the  anisotropy  gap  at  the  AFM  zone  center  to  be  larger.  It 
is  therefore  imperative  to  verify  the  size  of  the  energy  gap 
at  G0. 

Since  Harrison  etal 3  identify  the  gap  mode  (at  0.07 
THz)5  as  the  second  lowest  Syy  mode  at  Go  (the  lowest  mode 
being  the  Goldstone  mode),  we  expect  to  see  it  as  NSF  scat¬ 
tering.  Constant-G  scans  at  Go  at  (1/3,1/3,1.02)  are 
shown  in  Fig.  2.  At  the  elastic  position  (v=0)  of  the  Go  scan 
(see  the  peak  scaled  by  10_J),  (NSF  intensity)«*(SF  inten¬ 
sity)  since  the  magnetic  Bragg  reflections  from  the  single 
domain  sample  are  entirely  SF.  However,  there  is  a  crossover 
in  intensity  between  the  two  channels  on  the  positive  fre¬ 
quency  ride  of  the  scan,  leading  to  an  excess  NSF  intensity 
at  about  0.13  THz.  We  interpret  this  excess  NSF  scattering  as 
the  gap  mode  unresolved  from  the  feedthrough  v=  0  peak. 
(Note  that  much  less  NSF  scattering  is  observed  on  the  nega¬ 
tive  frequency  ride,  consistent  with  the  factor  of  4  reduction 
expected  from  detailed  balance).  In  Fig.  2(b),  with  Q  slightly 
shifted  along  c*,  a  partially  resolved  peak  is  visible  in  the 
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FIG.  2.  Gonitant-<?  Kan  at,  panel  (a),  and  Dear,  panel  (b),  the  three^unenaional  ordering  wave  vector  (1/3,1/3,11.  Counting  errors  are  smaller  than  the 
symbols.  The  scattering  near  rcro  frequency  is  shown  reduced  by  a  factor  of  103  in  panel  (a). 


NSF  channel  at  0.18±0.02  THz.  Since  this  frequency  is  well 
above  the  Gokhtone  mode  frequency,  estimated  to  be  0.124 
THz  from  the  expression  |47S|sin[ir(/-l)]  with  |7|  =0.198 
THz,  this  peak  is  identified  as  the  gap  mode.  Hie  scans  pre¬ 
sented  in  Fig.  2  thus  show  that  the  gap  is  indeed  an  Syy  mode 
as  identified  by  Harrison  et  aL1  However,  its  frequency  de¬ 
duced  from  Fig.  2  and  other  measurements  (not  shown)  is 
larger,  0.13±0.02  THz.  The  corresponding  |D|  given  by 
LSW  theory1  is  0.0017±0.0006  THz,  in  essential  agreement 
with  the  revised  value  of  \D\  suggested  by  the  5"  and  S‘! 
frequencies  at  (001). 

Another  feature  visible  in  both  panels  of  Fig.  2  is  extra 
SF  intensity  well  beyond  the  gap  mode  frequency,  indicating 
a  previously  unseen1  mode  with  a  frequency  of  0.21  THz  at 
Go-  The  existence  of  this  mode  is  indeed  an  expected  result: 
Due  to  crystal  symmetry  the  5"  and  S“  modes  at  (001)  are 
predicted  to  reappear  at  Go  with  the  same  frequencies.  The 
observation  of  a  mode  at  0.21  THz  at  Go  is  therefore  not  a 
surprise.  What  is  surprising  is  that  the  S“  mode  at  0.37  THz 
which  is  strong  at  (001)  is  not  observed  at  Go- 

We  have  shown  in  this  paper  that  the  anisotropy  gap  at 
the  AFM  zone  center  of  CsMnI3  is  markedly  larger  than  pre¬ 


viously  deduced  by  Harrison  era!1  We  have  also  reported 
the  observation  of  previously  unseen  magnon  modes.  In  con¬ 
trast  to  the  conclusions  drawn  in  an  earlier  paper4  the  ob¬ 
served  magnon  modes  in  CsMnl3  can  be  well  represented  by 
linear  spin  wave  theory. 

Comments  and  suggestions  made  by  W.  J.  L  Buyers  and 
E.  C.  Svensson  are  gr  atly  appreciated.  J-G.  L.  acknowl¬ 
edges  the  support  of  Na  iral  Sciences  and  Engineering  Re¬ 
search  Council. 
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Orientation  dependence  of  dipole  gaps  In  the  magnetostatic  wave 
spectrum  of  Bi-substituted  iron  garnets 
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The  orientation  dependence  of  the  dipole-exchange  gaps  in  the  magnetostatic  forward  volume  wave 
spectrum  of  BiogLuj  2Fe50,2  thin  films  grown  from  a  Bi-oxide  flux  has  been  studied.  The  spectrum 
is  relatively  insensitive  to  tilting  the  bias  field  toward  the  direction  of  propagation,  but  significant 
improvements  are  observed  when  the  field  is  tilted  toward  a  direction  perpendicular  to  the 
propagation  direction.  Improvements  include  smoothing  of  the  dipolc-exchange  gaps  and  u 
reduction  of  the  insertion  loss.  These  improvements  are  nonreciprocal;  either  reversing  the  direction 
of  propagation  or  tilting  the  bias  field  in  the  opposite  direction  degrades  the  forward  volume  wave 
spectrum. 


I.  INTRODUCTION 

Interactions  between  guided  optical  modes  mediated  by 
the  presence  of  microwave  magnetostatic  waves  are  not  only 
of  intrinsic  interest,  but  may  lead  to  new  microwave  and 
optical  signal  processing  devices.1'8  Possible  devices  include 
microwave  and  optical  tunable  filters,  multichannel  filters, 
and  optical  frequency  shifters. 

The  strength  of  this  interaction  is  determined  in  large 
measure  by  the  magnitude  of  the  Faraday  rotation  in  the  film. 
Bismuth-substituted  rare-earth  iron  garnet  films  exhibit  large 
magneto-optical  Faraday  rotation,  and  are  therefore  promis¬ 
ing  for  use  in  these  devices.  However,  to  qualify  for  optical- 
magnetostatic  wave  devices,  these  films  should  also  possess 
low  optical  absorption  and  low  magnetostatic  wave  (MSW) 
insertion  loss.  Significant  progress  toward  these  goals  has 
been  achieved  with  films  grown  from  a  Bi-oxide  flux.4,9  Nev¬ 
ertheless,  the  device  applications  of  these  films  have  been 
limited  by  the  presence  of  large  dipole-exchange  gaps  in  the 
magnetostatic  surface  wave  (MSSW)  and  magnetostatic  for¬ 
ward  volume  wave  (MSFVW)  spectra.  Kolodin,  Rzhikhina, 
and  Slavin10  have  shown  that  these  gaps  can  be  eliminated  in 
the  spectra  of  pure  yttrium  iron  garnet  by  proper  orientation 
of  the  bias  field. 

In  this  article,  we  report  on  the  orientation  dependence 
of  the  dipolc-exchange  gaps  in  (BiJUt)3FejOI2  films  grown 
from  a  Bi-oxide  flux.  As  in  the  case  of  yttrium  iron  garnet, 
we  found  that  the  dipole-exchange  gaps  can  be  significantly 
smoothed  in  the  spectrum  by  proper  bias  field  orientation. 
Further,  tilting  the  bias  field  introduces  nonreciprocal  behav¬ 
ior  in  addition  to  smoothing  the  forward  volume  wave  spec¬ 
trum  and  reducing  the  insertion  loss. 

fl.  FILM  GROWTH  AND  CHARACTERIZATION 

The  films  used  in  this  work  were  grown  using  the  lead- 
free  melt  reported  by  Tamada  and  co-workers,4  but  with  the 
addition  of  4%  Na20  by  weight  to  reduce  the  melt 
viscosity.11  Although  the  effects  reported  here  were  seen  in 
several  samples,  the  specific  data  that  follows  w.  -e  taken  on 
the  best  sample  (our  number  JPA15).  The  lattice  parameter 
of  tins  film  measured  by  x-ray  diffraction  is  12.389  A  (An  = 
-0.306  A),  and  the  composition  was  determined  by  x-ray 


fluorescence  to  be  Bi0gLu22Fe5O1_, ,  neglecting  sodium  inclu¬ 
sion.  Sodium  is  too  light  to  be  detected  by  x-ray  fluores¬ 
cence,  so  the  amount  of  sodium  incorporated  in  the  film  is 
unknown.  From  previous  studies  of  sodium  inclusion  in  Y1G 
films,11  the  primary  effect  of  sodium  on  MSW  propagation  is 
the  introduction  of  a  small  (~200  Oe),  negative  growth- 
induced  uniaxial  anisotropy.  This  anisotropy  can  be  removed 
by  annealing.  The  thickness  of  the  film  was  estimated  to  be  6 
pm  using  the  x-ray  fluorescence  areal  density.  The  Faraday 
rotation  was  measured  to  be  0.95  deg//um  at  an  optical  wave¬ 
length  of  633  nm. 

IN.  EXPERIMENTAL  MAGNETOSTATIC  WAVE 
SPECTRA 

Magnetostatic  waves  were  excited  and  detected  using 
the  experimental  delay  line  shown  in  Fig.  1.  The  microstrip 
antennas  are  50  pm  wide,  10  mm  long,  and  fed  in  the  center 
by  a  50  11  microstrip  line.  The  separation  of  the  antennas  is 
3  mm,  and  the  microstrip  substrate  is  254  pm  thick.  The 
delay  line  was  mounted  in  a  laboratory  electromagnet  with  6 
in.  poles  and  a  3  in.  pole  gap.  The  delay  line  was  rotated  so 
as  to  change  the  angles  $  and  <t>  shown  in  the  figure,  and  the 
changes  in  the  MSW  transmission  spectrum  were  noted.  The 
sample  used  was  irregular  but  roughly  triangular  in  shape, 
with  sides  about  10  mm  in  length.  The  detailed  shape  of  the 
transmission  spectrum  was  very  sensitive  to  the  precise  ori¬ 
entation  of  the  sample  on  the  microstrip  owing  to  reflections 
from  the  sample  edges. 

The  spectra  were  relatively  insensitive  to  rotations  that 
tilted  the  bias  field  parallel  or  antiparallel  to  the  direction  of 


FIG.  1.  Expen'  total  geometry  used  to  study  the  orientation  dependence  of 
tbe  dtpote-excna.ge  gape  is  (BiXo)jFe,0);  films. 
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FIG.  2.  MSW  transmission  spectra  for  different 

propagation  (0=0,  180°,  0>O).  In  contrast,  significant  im¬ 
provements  to  the  spectra  were  observed  when  the  delay  line 
was  rotated  so  as  to  tilt  the  bias  field  parallel  to  the  transduc¬ 
ers  (0=90°,  0>O).  The  improvements  included  smoothing  of 
the  dipole-exchange  gaps,  and  reduction  of  the  insertion  loss. 
Beyond  an  optimum  rotation  0,  the  dipole-exchange  gaps 
began  to  return  and  the  insertion  loss  increased.  In  contrast, 
tilting  the  bias  field  in  the  opposite  direction  (0=  -90°, 
fi>0)  resulted  in  the  degradation  of  the  transmission  spec¬ 
trum.  These  effects  are  illustrated  in  Fig.  2.  Figure  2(b) 
shows  the  spectrum  for  perpendicular  bias.  The  insertion  loss 
is  high  (26  dB)  and  the  dipole-exchange  gaps  in  the  spectrum 
would  seriously  degrade  the  performance  of  any  MSW  de¬ 
vice.  The  optimum  spectrum  obtained  by  tilting  in  the  direc¬ 
tion  0=90°,  0=19°  is  shown  in  Fig.  2(c).  Note  that  the  in¬ 
sertion  loss  has  been  reduced  to  18  dB,  and  the  dipole- 
exchange  gaps  are  no  longer  visible.  The  gaps  reappear  when 
the  angle  is  further  increased  [Fig.  2(c)],  In  contrast,  Fig.  2(a) 
shows  that  tilting  the  bias  field  in  the  direction  0=-9O°, 
f=i9°  degrades  the  spectrum  in  comparison  with  the  per¬ 
pendicular  orientation. 

The  angle  necessary  to  obtain  the  best  spectrum  is  not  a 
strong  function  of  the  strength  of  the  bias  field,  and  was 
generally  within  a  few  degrees  of  8=  19°.  Although  best  re¬ 
sults  were  obtained  t  ar  the  frequency  and  field  shown  in 
Fig.  2,  a  bias  field  angle  of  19°  resulted  in  improved  spectra 
over  a  tuning  range  of  several  GHz.  The  optimum  angle  was 
found  to  vary  significantly  from  sample  to  sample.  Measure- 
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ments  on  a  group  of  similar  samples  with  slightly  differing 
bismuth  contents  showed  significant  smoothing  at  angles 
from  2°-19°. 

IV.  DISCUSSION 

The  existence  of  dipole-exchange  gaps  in  MSW  spectra 
has  been  discussed  by  a  number  of  authors.12"15  Qualita¬ 
tively,  the  origin  of  the  gaps  can  be  explained  as  follows. 
When  the  exchange  interaction  is  neglected,  the  MSFVW 
modes  with  different  variations  through  the  film  thickness 
are  all  degenerate  at  the  1=0  band  edge,  and  the  dispersion 
relations  do  not  cross.  However,  when  exchange  is  taken  into 
account,  the  frequency  of  the  1=0  band  edge  increases  qua- 
dratically  with  the  number  of  oscillations  through  the  film 
thickness.  As  a  result,  the  dispersion  curves  of  the  higher- 
order-thickness  modes  cross  the  dispersion  curve  of  the 
dominant,  lowest-order  mode.  At  the  points  where  the  curves 
cross,  coupling  between  the  modes  occurs  and  the  dispersion 
curves  are  split  into  separate  branches.  Near  each  crossing 
point,  the  splitting  of  the  curves  results  in  regions  of  unusu¬ 
ally  small  group  velocity.  Since  the  attenuation  of  a  MSW  is 
a  function  of  the  propagation  time,  the  waves  are  highly 
attenuated  in  these  regions  and  attenuation  notches  appear  in 
the  transmission  spectrum.  These  are  the  “dipole-exchange 
gaps”  referred  to  earlier. 

Kolodin  and  co-workets  calculated  the  width  of  the  di¬ 
pole  gaps  as  a  function  of  the  angle  that  the  internal  magne- 
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tizition  mode  with  the  film  norma).  They  found  that  the 
width  of  the  gaps  could  vary  significantly  with  the  angle  of 
the  magnetization  with  respect  to  the  normal.  Under  certain 
conditions,  the  gap  could  become  narrower  than  the  relax¬ 
ation  frequency  <u,=  -  yfi0&H,  where  y  is  the  gyromagnetic 
ratio,  fi0  •*  the  permeability  of  free  space,  and  A H  is  the  full 
ferromagnetic  resonance  linewidth.  When  this  occurs,  the 
gaps  will  be  smoothed  out  and  will  no  longer  be  visible.  The 
calculations  showed  that  this  only  occurred  when  the  pinning 
of  the  spins  on  one  film  surface  was  much  stronger  than  the 
pinning  on  the  other.  In  the  case  of  symmetrical  pinning,  the 
width  of  the  gaps  increased  monotonically  with  increasing 
angle  of  the  magnetization  and  no  smoothing  would  result. 
In  light  of  this  result,  we  interpret  our  experimental  results  as 
evidence  of  asymmetrical  spin  pinning.  We  believe  the  most 
likely  situation  is  weakly  pinned  (or  free)  spins  at  the 
substrate-film  interface,  and  strongly  pinned  spins  at  the 
film-air  interface. 

When  the  field  is  rotated  from  0=0  to  0=90°,  the  mode 
undergoes  a  gradual  change  from  volume  to  surface  wave 
character.16  The  nonreciprocity  results  because  of  the  intro¬ 
duction  of  surface  wave  character  by  tilting  the  field.  The 
resulting  field-displacement  nonreciprocity  then  affects  the 
coupling  to  the  microstrip  antennas  when  either  the  in-plane 
component  of  the  field  or  the  direction  of  propagation  is 
reversed. 

In  summary,  we  have  demonstrated  an  effective  way  to 
obtain  MSW  device  quality  transmission  spectra  in 
(Bi,Lu)3Fe50I2  films  grown  from  a  lead-free  melt.  When 
combined  with  the  techniques  described  by  Tamada  and  co¬ 


workers  for  reducing  optical  attenuation,  we  believe  these 
films  show  considerable  promise  for  MSW  optical  device 
applications. 
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Triple-axis  inelastic  polarized  neutron  measurements  have  been  performed  as  a  function  of 
temperature  on  a  single  crystal  of  the  Invar  alloy  Fe6JNi35  to  distinguish  longitudinal  from  transverse 
magnetic  excitations  in  the  magnetically  ordered  phase.  Well  below  the  Curie  temperature  of  501  K 
the  magnetic  excitation  spectrum  is  dominated  by  conventional  transverse  spin-wave  excitations, 
which  in  fact  follow  the  predictions  of  spin-wave  theory  very  well.  In  particular,  we  find  no 
evidence  for  propagating  longitudinal  excitations  in  this  system,  in  sharp  contrast  to  the  behavior 
observed  in  die  amorphous  Invar  Feg^B,*  material  as  well  as  the  non-invar  amorphous  system 
Fe40Ni<oPi4B6. 


f 


For  an  isotropic  ferromagnet  the  spin-wave  dispersion 
relation  in  the  long-wavelength  (small-4)  regime  is  given  by1 
£sw=D(T)42,  where  D  is  the  spin-wave  “stiffness”  con¬ 
stant.  The  general  form  of  the  spin-wave  dispersion  relation, 
and  hence  the  spin-wave  density  of  states,  is  the  same  for  all 
isotropic  ferromagnets,  while  the  numerical  value  of  D  de¬ 
pends  on  the  details  of  the  magnetic  interactions  and  the 
nature  of  the  magnetism.  For  the  magnetization,  the  leading 
order  temperature  dependence  is  given  by  M(T) 
=M( 0)(  1  - BTin ),  where  the  coefficient  B  is  simply  related 
in  spin-wave  theory  to  D.  A  measurement  of  the  spin-wave 
dispersion  relation  can  then  be  directly  related  to  the  bulk 
magnetization  and  vice  versa.  These  relationships,  as  well  as 
many  others  provided  by  spin-wave  theory,  have  been  found 
to  be  in  excellent  accord  with  experimental  observations  for 
the  vast  majority  of  isotropic  ferromagnetic  materials,  with 
the  singular  exception  of  Invar  systems.2'5  In  all  the  Invar 
materials,  whether  they  be  amorphous  or  crystalline,  the  re¬ 
lationship  between  D  and  B  is  found  to  fail  in  a  major  way, 
with  the  observed  stiffness  constant  D  as  much  as  a  factor  of 
2  larger  than  inferred  from  magnetization  measurements.  We 
previously  carried  out  extensive  unpolarized  neutron  mea¬ 
surements  on  the  amorphous  Invar  Fe-B  system  in  order  to 
make  a  detailed  comparison  between  spin-wave  theory  and 
experiment.4  With  the  exception  of  the  discrepancy  between 
D  and  B,  conventional  spin-wave  theory  was  found  to  work 
very  well  in  describing  the  long-wavelength  spin  dynamics 
of  this  system,  and  thus  these  unpolarized  neutron  measure¬ 
ments  did  not  suggest  an  answer  to  this  problem. 

The  conventional  explanation  for  this  Invar  anomaly  is 
that  there  are  additional  hidden  excitations  which  participate 
in  reducing  the  magnetization.  If  this  explanation  is  correct, 
then  the  magnetization  and  neutron  measurements  already 
put  stringent  conditions  on  the  form  that  such  excitations 
might  take,  since  there  is  no  freedom  to  change  the  form  of 
the  theory  (such  as  the  T3n  behavior  for  the  magnetization, 
for  example).  Hence  we  must  have  a  density  of  hidden  exci¬ 
tations  which  has  precisely  the  same  form  as  the  conven- 
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tional  spin-wave  excitations  themselves.  One  possibility 
which  has  been  suggested6  is  that  the  (transverse)  spin-wave 
excitations  couple  to  the  longitudinal  fluctuations,  yielding 
propagating  longitudinal  excitations  which  peak  at  the  trans¬ 
verse  spin-wave  energies.  In  an  unpolarized  beam  experi¬ 
ment  such  transverse  and  longitudinal  excitations  cannot  be 
distinguished.  We  therefore  carried  out  inelastic  polarized 
neutron  measurements  on  the  Fe86BI4  Invar  system  to  sepa¬ 
rate  explicitly  the  longitudinal  spin-fluctuation  spectrum  (52) 
from  the  usual  spin-wave  excitations  represented  by 
S~=Sx±iS>l,  and  indeed  we  observed  the  presence  of  lon¬ 
gitudinal  excitations  not  only  in  the  vicinity  of  Tc  but  sub¬ 
stantially  below  the  ordering  temperature  as  well.7  However, 
longitudinal  excitations  were  also  observed  in  the  non-Invar 
amorphous  ferromagnet  FewNi40P14B6,  suggesting  that  these 
excitations  might  be  related  to  the  amorphous  state  rather 
than  the  Invar  anomaly.  In  our  present  measurements  we  in 
fact  do  not  observe  any  longitudinal  propagating  excitations 
in  the  crystalline  Invar  system,  and  a  similar  result  has  been 
recently  obtained  in  the  Fe3Pt  system.8  Hence  the  longitudi¬ 
nal  excitations  observed  in  Fe^B,*  are  likely  not  related  to 
the  Invar  properties  but  rather  have  the  interesting  interpre¬ 
tation  that  they  are  unique  to  the  amorphous  state.  On  the 
other  hand,  as  the  Curie  temperature  is  approached  from  be¬ 
low  we  do  observe  longitudinal  spin  fluctuations,  but  these 
fluctuations  are  diffusive  in  nature  (i.e.,  they  peak  at  A£ = 0) 
and  appear  to  be  similar  to  the  longitudinal  spin  diffusion 
observed  in  other  isotropic  ferromagnets  near  Tc . 

The  experiments  were  carried  out  on  the  BT-2  triple-axis 
polarized  beam  spectrometer  at  the  National  Institute  of 
Standards  and  Technology  Research  Reactor.  Heusler  alloy 
crystals  in  reflection  geometry  were  employed  for  both 
monochromator/analyzer  and  polarizers.  A  pyrolytic  graphite 
filter  was  used  to  suppress  higher-order  wavelengths.  The 
sample  was  a  single  crystal  weighing  22  g,  in  the  shape  of  a 
cylinder  1  cm  in  diameter  and  2  cm  long.  All  the  present  data 
have  been  taken  in  the  forward  direction,  around  the  (000) 
reciprocal-lattice  point,  even  though  the  sample  was  a  single 
crystal.  We  used  this  method  so  that  we  might  directly  com¬ 
pare  this  system  with  the  data  we  obtained  on  amorphous 
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FIG.  1.  Spin-flip  (O)  and  non -spin- flip  (•)  scattering  observed  in  a  single 
crystal  of  Fe^Ni^  (Invar).  Clear  spin  waves  are  observed  in  the  spin-flip 
configuration  for  neutron  energy  gain  (£<0)  and  energy  loss  (£>0),  while 
the  very  weak  inelastic  scattering  observed  in  the  non-spin-flip  configuration 
is  a  result  of  the  finite  flipping  ratio  of  the  instrument. 


materials  where  (000)  is  the  only  reciprocal-lattice  point,  and 
also  in  order  to  be  able  to  apply  the  field  (of  0.6  T)  along  the 
cylinder  axis  to  minimize  demagnetization  effects.  In  this 
small-angle  regime  tight  collimation  must  be  employed,  and 
typically  we  used  20'-10'-10'-20'  (FWHM)  in  these  experi¬ 
ments.  We  also  took  some  data  where  the  first  (in-pile)  col¬ 
limation  was  10'  to  improve  the  resolution  at  smaller  wave 
vectors.  The  flipping  ratio  measured  through  the  ferromag¬ 
netic  sample  was  between  7  and  13,  depending  principally 
on  the  temperature. 

The  polarization  analysis  technique  as  applied  to  this 
problem  is  in  principle  straightforward.9  The  (transverse) 
spin-wave  scattering,  represented  in  the  Hamiltonian  by  the 
raising  and  lowering  operators  S± =Sx±iSr,  causes  a  rever¬ 
sal  of  the  neutron  spin.  These  spin-flip  cross  sections  are 
denoted  by  (+-)  and  (7+).  For  the  results  presented  here 
the  neutron  polarization  P  is  perpendicular  to  the  momentum 
transfer  Q,  Pi  Q,  and  we  may  then  create  a  spin  wave  (£ 
>0)  or  destroy  a  spin  wave  (E<0)  with  equal  probability. 
Hence  the  (+-)  and  the  (-+)  cross  sections  are  equal.  The 
longitudinal  (Sz)  magnetic  scattering,  on  the  other  hand,  is 
directly  related  to  the  non-spin-flip  (+  +)  or  ( — )  scattering. 

Figure  1  shows  the  spin-flip  and  non-spin-flip  scattering 
cross  section  observed  at  375  K  for  a  wave  vector  of  0.05 
A'1.  The  scan  at  this  wave  vector  is  restricted  in  energy  to 
—  ±0.55  meV  due  to  kinematical  constraints  of  the  scattering 
process.2  The  asymmetry  in  the  spin-wave  intensities  is  due 
primarily  to  resolution  effects,  as  discussed  in  detail  in  Ref. 
10.  The  solid  curve  is  a  fit  of  the  standard  spin-wave  cross 
section  for  isotropic  spin  waves,  convoluted  with  the  instru¬ 
mental  resolution.10  We  obtain  excellent  agreement  with  the 
observations,  and  for  this  temperature  we  have  determined 
that  D=  115  meV  A2.  Also  shown  in  the  figure  is  the  non- 
spin-flip  scattering,  which  is  dearly  much  weaker  in  strength 
than  the  spin-flip  scattering.  The  dashed  carve  is  again  a  fit, 
which  contains  three  peaks.  One  is  resolution  limited  and 
centered  at  £-0,  and  at  this  temperature  originates  from 
nuclear  incoherent  scattering  (the  scattering  intensity  of 
which  is  ^-independent)  as  well  as  some  magnetic  disorder 
scattering.  There  are  also  weak  peaks  at  the  spin-wave  posi- 


FIG.  2.  Temperature  evolution  of  the  spin-flip  scattering  at  a  wave  vector  of 
0.08  A-1.  The  spin  waves  are  seen  to  renormalize  to  lower  energies  and 
broaden  as  Tc  is  approached,  as  expected. 


tions,  the  intensities  of  which  are  approximately  ^  of  the 
spin-flip  peaks.  However,  some  scattering  intensity  is  ex¬ 
pected  here  due  to  “leakage”  bom  the  imperfect  polarization 
effidency  of  the  instrument  and  sample.  Indeed  the  solid 
curve  is  the  resulting  calculated  intensity  based  on  the  mea¬ 
sured  spin-flip  spin-wave  cross  section,  and  dearly  provides 
a  complete  explanation  for  this  scattering.  Thus  we  conclude 
that  there  are  no  observable  longitudinal  propagating  excita¬ 
tions  in  this  system.  The  absence  of  intrinsic  peaks  in  the 
(±±)  inelastic  scattering  is  in  sharp  contrast  to  the  behavior 
observed  in  the  amorphous  systems,7  where  we  found  that 
the  ratio  of  spin-wave  to  longitudinal  scattering  was  2.5:1. 
Hence  it  is  clear  that  the  longitudinal  propagating  excitations 
observed  in  those  systems  must  have  a  different  origin  and 
are  not  related  to  the  Invar  anomaly. 

The  temperature  evolution  of  the  spin-flip  (spin-wave) 
scattering  for  q-0.08  A-1  is  shown  in  Fig.  2.  The  solid 


9070  J.  Appl.  Phys.,  Vtt.  75,  No.  10. 15  May  1994 


Lynn  at  tl. 


♦  • 


i 

i 


i 

* 


i 


FIG.  3.  Temperature  evolution  of  the  non-spin-flip  scattering  at  the  same 
wave  vector  as  shown  in  Fig.  2.  The  intensity  scales  are  the  same  so  that  the 
data  may  be  directly  compared.  At  room  temperature  the  scattering  consists 
of  a  resolution-limited  elastic  peak  (nuclear  incoherent  phis  magnetic  disor¬ 
der  scattering)  plus  spin-wave  “leakage”  due  to  the  imperfect  polarization 
of  the  instrument  and  sample.  As  Te  is  approached,  a  broadened  quasielastic 
magnetic  response  is  observed. 

curves  again  represent  the  least-squares  fits  to  the  data  of  the 
spin-wave  cross  section  convoluted  with  the  instrumental 
resolution  and  polarization.'0  At  room  temperature  we  see 
two  well-separated  spin-wave  peaks,  and  as  Tc  (SOI  K)  is 
approached  the  spin  waves  renormalize  to  lower  energy  and 


broaden  as  expected.  At  475  K  we  find  that  the  iptn  waves 
are  almost  overdamped,  and  in  fact  after  cocvolurios  with 
the  instrumental  resolution  only  a  single  broad  peak  is  ob¬ 
served  at  this  q.  These  data  can  be  compared  directly  with 
the  longitudinal  (non-spin-flip)  scattering  as  shown  in  Fig.  3. 
At  room  temperature  the  scattering  consists  of  a  resolution- 
limited  elastic  peak  plus  spin-wave  peaks  from  “leakage  " 
As  the  temperature  is  increased  towards  Tc  the  spin-wave 
peaks  are  diminished  because  of  the  improvement  in  the  flip¬ 
ping  ratio  at  higher  temperatures  and  also  because  the  spin 
waves  are  broadened.  What  is  clear  from  these  data  is  that  a 
quasielastic  peak  develops  as  Te  is  approached.  With  the 
assumption  that  the  intrinsic  cross  section  is  a  Lorentzian  we 
obtain  an  intrinsic  (half)  width  r~0.07  meV  at  this  q 

This  quasielastic  scattering  originates  from  simple  spin 
diffusion.6  For  T»TC,  x,  y,  and  z  are  equivalent  for  an 
isotropic  ferromagnet  by  definition,  while  below  Tc  this  sym¬ 
metry  is  broken  and  we  have  a  transverse  (x,y)  and  longitu¬ 
dinal  (z)  susceptibility.  In  the  hydrodynamic  regime  above 
Tc  only  spin  diffusion  occurs,  and  it  is  reasonable  to  expect 
that  the  longitudinal  response  will  remain  diffusive  below 
Tc ."  Hence  we  do  not  believe  that  this  scattering  is  related 
to  the  Invar  effect  but  rather  is  the  expected  behavior  for  an 
isotropic  ferromagnet  for  T&TC .  This  still  leaves  the  origin 
of  the  Invar  anomaly  as  a  mystery,  and  also  implies  that  the 
longitudinal  excitations  observed  in  the  amorphous  fetro- 
magnets  are  a  new  phenomenon.  Both  of  these  effects  war¬ 
rant  further  investigation. 

The  research  at  Maryland  was  supported  by  the  NSF, 
Grant  No.  DMR  93-02380. 
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We  have  performed  inelastic  neutron  scattering  measurements  of  the  long-wavelength  spin  wave 
excitations  of  both  ordered  and  disordered  Fe^Ptjg  single  crystals  below  their  critical  temperatures, 
rc  -510  and  375  K,  respectively.  The  spin  waves  followed  the  expected  E=Dq2  dependence,  and 
the  temperature-dependent  spin  stiffness  D  decreased  as  (777'c)5'2,  as  expected  for  an  isotropic 
ferromagnet.  The  extrapolated  zero-temperature  spin  stiffness  was  0  =  98(4)  meV  A2  and 
107(1)  meV  A2  for  the  disordered  and  ordered  alloy,  respectively.  These  values  are  significantly 
higher  than  the  zero-temperature  stiffness  as  determined  by  magnetization  measurements. 


INTRODUCTION 

An  understanding  of  the  Invar  effect  has  been  suggested 
via  recent  band-structure  calculations  and  experiments, 
which  indicate  that  the  magnetic  moment  of  certain  3 d  alloys 
is  unstable  with  respect  to  a  change  in  volume.'  The  Invar 
effect  originally  referred  to  a  magnetically  induced  suppres¬ 
sion  of  the  thermal  contraction,  first  observed  in  disordered 
FCftsNi},.  Fe3Pt  alloys  also  display  the  Invar  thermal  expan¬ 
sion  anomaly,  with  the  added  advantages  that  Fe  is  the  sole 
magnetic  component  in  the  alloy,  and  that  the  Invar  effect 
occurs  in  both  atomically  ordered  and  disordered  Fe3Pt 
(hereafter  referred  to  as  o-FejPt  and  d-Fe^,  respectively). 
The  thermal  expansion  anomaly  associated  with  the  mag¬ 
netic  ordering  is  much  stronger  than  in  Fe^Nijs,  particularly 
for  d-FerjPta,  where  the  thermal  expansion  coefficient 
changes  from  1X10-5  K~*  at  ~40  K  above  Tc  to 
—  3.5X10“’  K~*  at  "*30  K  below  Tc.2 

Another  manifestation  of  the  Invar  effect  is  the  discrep¬ 
ancy  that  exists  between  the  magnetic  excitation  spectrum 
determined  directly  by  neutron  scattering  and  that  inferred 
from  magnetization  measurements.  For  isotropic 
fernxnagnets,3  of  which  these  cubic  alloys  are  good  ex¬ 
amples,  the  dispersion  relation  is  quadratic  in  the  small -q 
regime,  E-Dq ,  where  D  is  the  spin  wave  stiffness.  The 
leading  order  temperature  dependence  of  the  magnetization 
is 

M(T)-M(D)(\-BTin),  (1) 


[f(3/2)=«2.612].  The  dynamic  interaction  between  spin 
waves,  which  arises  from  the  fact  that  multiple  spin  waves 
are  not  eigenfunctions  of  the  Heisenbeig  Hamiltonian,  de¬ 
creases  the  spin  wave  energies  and  lifetimes.  As  a  result,  the 
temperature  dependence  of  the  spin  stiffness  is  predicted  to 
decrease  to  leading  order  as  Tin, 

D(T)=D(0H\-ATsn).  (3) 

It  is  thus  possible  to  relate  the  spin  wave  stiffness  to  bulk 
magnetization  measurements  [using  Eq.  (1)].  In  all  Invar  sys¬ 
tems,  there  appears  to  be  a  substantial  discrepancy  between 
the  spin  wave  stiffness  as  determined  by  bulk  magnetization 
and  by  neutron  scattering.  In  particular,  the  magnetization 
decreases  more  rapidly  with  increasing  temperature  than 
would  be  predicted  by  counting  magnons  as  observed  by 
neutron  scattering.  We  have  been  studying  a  number  of  Invar 
and  non-invar  systems  in  an  effort  to  resolve  this 
discrepancy.4,5 

Previous  inelastic  neutron  scattering  work  on  o-FeT2Pt2g 
(Ref.  6)  showed  a  20%  discrepancy  between  the  decrease  in 
magnetization  calculated  from  applying  spin-wave  theory  to 
the  neutron  data  and  the  experimentally  determined  bulk 
magnetization.  In  this  paper,  we  present  the  results  of  unpo¬ 
larized  inelastic  neutron  scattering  measurements  of  the  mag¬ 
netic  excitations  in  ordered  and  disordered  Fe^Pt^-  We  find 
that  there  is  indeed  a  significant  difference  between  the  spin 
wave  stiffness  as  determined  by  bulk  techniques  and  neutron 
scattering,  for  both  the  ordered  and  disordered  alloy. 


where  in  conventional  spin  wave  theory 


EXPERIMENT 


OTW  *,  3/2 

M(0)  \4i tD 
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The  magnetization  at  T— 0  is  M( 0);  ig  is  the  Boltzmann 
constant;  and  {  is  the  Riemann  zeta  function 
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The  scattering  measurements  were  performed  at  the 
BT-2  triple-axis  spectrometer  of  the  NIST  Research  Reactor 
with  21'-10'-10'-20'  collimatioD  before  and  after  the 
monochromator  and  analyzer,  respectively,  and  a  pyrolytic 
graphite  (PG)  filter  before  the  monochromator  to  remove 
higher-order  wavelength  contamination.  The  incident  neu¬ 
tron  energy  was  fixed  at  13.7  meV  (2.444  A).  Both  the 
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FIG.  1.  Constant-4  scans  for  disordered  Fe^Pta  about  000  at  room  tempen- 
ture  with  momentum  transfer  q -- 0  1 2  A  1  'top),  0.08  A"1  (middle),  and 
0.06  A' 1  (bottom).  The  solid  lines  are  best  fits  to  the  data  of  Loreotzian- 
broadened  magnons  and  an  elastic  central  peak  convolved  with  the  instru¬ 
mental  resolution  function.  The  scans  are  limited  in  energy  by  the  kinematic 
constraints  on  scattering  about  000. 


monochromator  and  the  analyzer  used  the  PG  002  reflection. 
In  this  configuration,  the  energy  resolution  is  0.33  meV,  full 
width  at  half  maximum  (FWHM),  the  longitudinal  q  resolu¬ 
tion  in  the  scattering  plane  is  “«0.01  A-1  FWHM,  and  the 
vertical  resolution  is  *>0.22  A-1  FWHM. 

The  samples  were  approximately  20-g  single  crystals  of 
Fe^Ptjg.  Atomically  ordered  and  disordered  Fe^Pt^  have 
Curie  temperatures  of  Tc=510  and  375  K,  respectively. 
The  temperature  was  varied  between  450  and  100  K  using  a 
closed-cycle  He  refrigerator.  All  the  measurements  were 
made  well  above  the  premartensitic  transition  that  occurs  in 
FerjPtas  below  T-70  K. 

We  measured  the  energy  dependence  of  the  scattering 
cross-section  at  momentum  transfers  in  the  range 
0.05<4«0.17  A'1.  The  inelastic  scans  were  made  about 
the  000  position,  which  gives  several  advantages  to  the  mea¬ 


surements.  First,  the  magnetic  excitations  can  be  observed 
without  a  significant  contribution  from  lattice  excitations 
Second,  we  have  available  the  greatest  possible  intensity  for 
the  excitations  around  000,  where  the  magnetic  form  factor 
is  unity.  At  the  111  reciprocal  lattice  point,  for  instance,  the 
magnetic  form  factor  for  Fe  is  0.4,7  and  thus  the  scattering 
intensity  will  be  *»  1 6%  of  that  observed  about  000.  Finally, 
we  will  be  able  to  make  a  direct  comparison  of  these  results 
to  planned  polarized  beam  measurements  about  000,  which 
can  be  made  on  these  samples  only  around  000  due  to  con¬ 
straints  on  the  mentation  of  the  sample  in  the  required  ap¬ 
plied  magnetic  field.9  Nevertheless,  there  are  several  disad¬ 
vantages  to  performing  measurements  about  000.  First,  the 
maximum  achievable  energy  transfer  increases  linearly  with 
momentum  transfer,  £-~±2*,<j,  whereas  the  spin  wave  en¬ 
ergy  increases  quadra tically  with  q.  Thus,  for  a  particular 
spin  stiffness,  we  are  limited  in  the  range  of  momentum 
transfer  for  which  we  may  observe  excitations  (see  Fig.  1). 
Second,  the  requisite  small  scattering  angles  necessitate  tight 
angular  resolution,  and  with  the  combined  constraint  of  a 
restrictive  energy  range  we  also  require  good  energy  resolu¬ 
tion,  thus  reducing  the  signal  considerably. 

RESULTS  AND  DISCUSSION 

At  each  temperature,  we  measured  the  energy-dependent 
scattering  cross-section  for  several  momentum  transfers. 
Typical  data,  shown  in  Fig.  1  for  the  disordered  sample,  re¬ 
veal  several  characteristic  features.  The  two  peaks  at  finite 
neutron  energy  gain  and  loss  are  the  magnon  annihilation 
and  creation  peaks.  The  central  elastic  peak  is  due  mainly  to 
magnetic  disorder  scattering.  As  discussed  above,  data  can¬ 
not  be  taken  over  the  full  extent  of  the  magnon  peaks  due  to 
kinematic  constraints.  The  data  were  fit  to  a  double- 


FIG.  1  Measured  dispasioo  relations  for  magaous  around  000  in  disordered 
(lop)  and  ordered  ( bottom )  Fe^Pta.  The  solid  tinea  are  the  beat  St  of  the 
data  to  a  quadratic  dispersion  with  t  small  gap ,E(q)-Dq1+Ee. 
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FIG.  3.  The  ^xjd  wave  Hifhwee  u  a  function  of  (TlTc)i  2  foe  disordered 
(•)  end  ordered  (O)  Fe^ft^.  The  solid  lines  are  liaear  heal  SB  lo  the  data; 
the  slopes  are  the  same,  within  experimental  error  foe  hoeh  the  ordered  and 
thaofdewd  alloy. 


Lorentzian  spectral-weight  function  and  an  elastic  central 
peak,  which  were  numerically  convolved  with  the  triple-axis 
spectrometer  resolution  function.1  For  the  purposes  of  the 
convolution,  since  the  ^-resolution  is  finite,  the  spin  wave 
dispersion  was  assumed  to  be  quadratic  in  q  and  the  broad¬ 
ening  was  assumed  to  increase  as  q4,  according  to  spin  wave 
theory;  fits  attempted  with  a  quadratic  dependence  of  the 
broadening  on  q  were  of  poorer  quality.  In  the  data  shown  in 
Fig.  1,  we  obtained  a  spin  stiffness  D(3O0  K)=66.3(2) 
meVA2  and  a  line  broadening  r(300  K,  0.08  A  ‘)=0.04 
meV  HWHM  This  intrinsic  width  is  considerably  smaller 
than  the  instrumental  resolution. 

From  the  fits  to  the  measured  scattering  cross-sections, 
we  have  plotted  the  excitation  energy  versus  momentum 
transfer  for  each  temperature  (see  Fig.  2).  The  measured  dis¬ 
persions  were  then  fit  to  a  quadratic  dispersion  with  a 
pseudo-gap  that  is  due  to  dipolar  interactions, 
E(q,T)=D(T)q1EE0.  Obviously,  from  the  quality  of  the 
fits,  our  assumptions  in  the  fitting  procedure  of  a  quadratic 
dispersion  are  well  founded.  The  temperature  dependence  of 
the  spin-wave  stiffness  is  shown  in  Fig.  3,  plotted  against 
(T/Tc)512.  The  decrease  in  stiffness  is  consistent  with  a  lin¬ 
ear  behavior  over  the  range  0.27<T/rc<0.91,  as  indi¬ 
cated  by  the  fit.  The  extrapolated  zero-temperature  spin  stiff¬ 
nesses  are  98(4)  meVA2  and  107(1)  meVA2  for  d-Fe72Pt2s 
and  o-Fe^Pt^,  respectively.  The  reduced  temperature  depen- 
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deuce  of  the  spin  stiffness  scales  with  0(0)  for  both  alloys; 
the  slopes  of  the  fits  in  Fig.  3  are  the  same  within  experi¬ 
mental  error.  Thus,  while  the  disorder  causes  a  decrease  in 
the  magnetic  ordering  temperature,  the  spin  dynamics  of 
the  alloys  appears  to  follow  the  same  Heisenberg-like  behav¬ 
ior.  The  present  0(7)  values  for  o-Fe^Pt^,  as  determined 
by  neutron  scattering,  are  in  agreement  with  the  room 
temperature  neutron  scattering  spin  stiffness 
[0(300  K)  =  85  meVA2]9  reported  previously  for  o~ 
Fe72.7Pt27.3-  No  previous  results  have  been  reported  for  the 
disordered  system. 

The  zero-temperature  spin  stiffnesses  for  both  the  or¬ 
dered  and  disordered  alloys  are  significantly  higher  than  the 
corresponding  values  determined  from  magnetization  mea¬ 
surements,  Oj*0^ 0)  =  74  meVA2  and  O^*(0)=89 
me  V  A2.  These  values  are  about  20%  less  than  the  spin  wave 
determinations,  which  is  about  the  same  relative  difference 
as  reported  in  previous  measurements''  on  o-Fe72Pt28.  The 
20%  discrepancy  between  the  inelastic  neutron  and  bulk 
magnetization  spin  stiffnesses  is  significantly  less  than  the 
factor  of  two  discrepancy  that  is  observed  for  crystalline 
Fe6jNi35 ,6  as  well  as  other  Invar  systems  such  as  amorphous 
FegeBu,3  despite  the  fact  that  the  thermal  expansion  anomaly 
is  much  stronger  in  Fe72Pt2g.  Further  work  with  polarized 
neutrons  may  allow  us  to  characterize  the  nature  of  the  ex¬ 
citations  in  these  systems.5 
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Ttwory  of  terromagnotlc  resonance  relaxattc'i  in  very  small  solids 

J.  B.  SokoWf 

Northeastern  University,  Boston,  Massachusetts  02115 

Two  models  for  ferromagnetic  resonance  (FMR)  relaxation  in  magnetic  solids  which  are  sufficiently 
small  for  the  discreteness  of  the  tnagnon  and  phonon  modes  to  be  important  are  studied.  The  models 
exhibit  a  transition  as  a  function  of  the  number  of  atoms  in  the  solid  from  a  regime  in  which  energy 
loss  occurs,  as  evidenced  by  the  fact  that  the  energy  of  the  solid  increases  as  a  function  of  time,  to 
a  regime  in  which  there  is  no  energy  loss,  as  evidenced  by  the  fact  that  the  energy  does  not  increase 
as  a  function  of  time  oo  the  average.  It  is  shown  that  this  phenomenon  is  due  to  a  transition  to 
chaotic  behavior  of  the  solid.  These  results  open  up  the  interesting  possibility  that  sufficiently  small 
magnetic  solids  could  exhibit  FMR  with  practically  no  energy  loss. 


In  a  ferrimagnetic  resonance  experiment  (FMR),  an  elec¬ 
tromagnetic  field  couples  to  a  magnon  mode  (usually  the 
zero  wave  vector  or  uniform  magnon  mode).  The  energy 
absorbed  by  this  mode  from  the  field  is  then  transferred  to 
other  magnon  and  to  phonon  modes  via  various 
mechanisms,1'2  which  results  in  the  uniform  magnon  being 
given  a  nonzero  Iinewidth.  The  mechanism  for  this  can  be 
understood  using  Fermi's  Golden  rule  perturbation  theory,  in 
which  the  uniform  magnon  is  scattered  into  a  continuum  of 
other  magnons  of  nearly  the  same  frequency.2  When  one 
considers  a  finite  size  solid,  however,  the  magnon  and  pho¬ 
non  modes  do  not  form  a  continuum,  and  hence  Fermi's 
Golden  rule  will  not  lead  to  a  nonzero  Iinewidth  because  in 
general  the  uniform  mode  will  not  be  in  resonance  with  any 
of  the  excitations  of  the  solid.  If  the  uniform  magnon  does 
not  have  a  Iinewidth,  the  electromagnetic  wave  will  only  be 
able  to  impart  energy  to  the  uniform  mode  if  it  is  exactly  in 
resonance  with  it.  Of  course  for  larger  solids  there  are  other 
mechanisms  that  can  damp  the  excitations.  For  example,  in¬ 
teraction  of  the  surface  atoms  with  the  surroundings  will  lead 
to  a  damping  of  the  vibrational  modes.  Although  the  damp¬ 
ing  resulting  from  this  is  in  general  quite  small,3  it  could  be 
larger  than  the  vibrational  mode  spacing  if  the  solid  is  not 
too  small.  This  would  make  the  vibrational  spectrum  con¬ 
tinuous,  in  which  case  Fermi’s  Golden  rule  would  again  give 
a  nonzero  Iinewidth.  Nevertheless,  for  smaller  samples,  one 
must  deal  with  the  fact  that  the  modes  are  discrete,  and  hence 
Fermi’s  Golden  rule  will  predict  zero  Iinewidth. 

A  related  problem  was  studied  by  Fermi  et  aL*  They 
studied  the  question  of  whether  a  vibrating  chain  of  atoms 
interacting  with  enharmonic  interactions,  with  one  of  its  vi¬ 
brational  normal  modes  excited,  will  exhibit  equipartition  of 
energy  if  one  waits  for  a  sufficiently  long  time.  They  found 
that  in  fact  this  does  not  occur.  The  energy  in  the  mode  that 
was  originally  excited  alternately  flows  into  other  modes  and 
then  comes  back  to  the  original  mode,  with  no  net  flow  of 
energy  to  the  other  modes.  Israelev  and  Chirakov5  and  Ford6 
studied  this  problem,  concluding  that  the  Fermi  et  al.  result 
is  a  result  of  the  Kolmogorov,  Arnold,  and  Moser  (KAM) 
theorem7  in  the  sense  that  if  the  anharmonicity  of  the  inter¬ 
atomic  interaction  is  sufficiently  small,  the  system  moves  on 
smooth  trajectories  (or  more  correctly,  tori)  in  phase  space, 
but  if  the  anharmonicity  were  larger  the  atoms  in  the  solid 
would  move  on  chaotic  trajectories,  which  would  result  in 


the  equipartition  of  energy.  In  fact,  since  Chirikov  has  argued 
that  the  criterion  for  the  onset  of  chaos  is  that  the  mode 
spacing  must  become  smaller  than  the  width  of  the  (nonlin¬ 
ear)  resonances,3  this  transition  to  chaotic  behavior  will  also 
occur  as  a  function  of  the  size  of  the  sample.  In  this  article,  it 
will  be  shown  using  simple  models  that  a  transition  as  a 
function  of  the  size  of  the  sample  will  occur  from  a  regime  in 
which  there  is  an  FMR  Iinewidth  to  one  in  which  there  is  not. 
Two  models  for  dissipation  in  small  magnetic  solids  will  be 
studied  to  illustrate  this  phenomenon.  The  first  will  be  a 
model  for  damping  of  the  uniform  magnon  by  the  creation  of 
lattice  vibrations  and  the  second  will  be  a  model  for  damping 
of  the  uniform  magnon  due  to  the  creation  of  other  magnons 
by  nonlinearity  (in  the  magnon  operators)  of  the  exchange 
and  anisotropy.  While  there  have  been  several  studies  of 
chaos  in  magnetic  solids  in  recent  years,8  the  possible  con¬ 
nection  between  chaos  and  FMR  relaxation  in  small  solids 
has  not  been  discussed  before. 

Classical  dynamics  will  be  used  to  describe  the  magnon 
and  phonon  systems  in  this  article  to  study  the  dissipation 
due  to  lattice  vibrations  and  magnons.  The  term  in  the  clas¬ 
sical  Hamiltonian  which  couples  the  magnons  and  phonons 
will  be  assumed  to  be  the  expansion  of  the  single  ion  anisot¬ 
ropy  term  to  first  order  in  the  atomic  displacement, 

-  2)  (*DV<)Xj,MSJ)2 ut't,  (1) 

a,j,3 

where  D*  is  the  anisotropy  constant,  Xjt  is  the  S component 
of  the  position  of  the  atom  on  the  jth  lattice  site,  S“  is  the  a 
component  of  the  spin  on  the  jth  lattice  site,  and  uj  a  is  the 
displacement  of  the  atom  on  the  jth  lattice  site.9  Applying 
Hamilton's  equations,  we  obtain  the  equations  of  motion  for 
the  atoms  acted  on  by  a  force  -2a  j  y(0D’/0X t_s)(.Sf)2  due 
to  the  anisotropy  term  given  in  Eq.  (l).s  If  the  uniform 
magnon  is  driven  by  the  electromagnetic  field,  S°  will  oscil¬ 
late  with  the  frequency  of  the  electromagnetic  field  and 
hence  this  force  will  oscillate  with  twice  that  frequency. 
As  a  simple  model,  let  us  consider  a  chain  of  atoms  with 
a  nonlinear  near-neighbor  force  given  by 
/(x)=  -ax+  0x2-  fi'x3  between  them,  where  x  is  the  dif¬ 
ference  between  the  separation  of  a  neighboring  pair  of  at¬ 
oms  and  the  lattice  constant,  with  a  magnetic  atom  placed  at 
one  site  (let  us  take  that  site  to  be  at  one  end  of  the  chain). 
Then,  the  equation  of  motion  becomes 
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—  (xj+i~Xj—a)i]+g(t)SjJI,  (2) 

where  Xj  is  the  location  of  the  j  th  atom  in  the  chain,  a  is  the 
equilibrium  lattice  spacing,  a,  0  0  are  parameters,  m  is  the 
atomic  mass,  and  jc0=O,  and  g(r)=gaoos(<i>r),  where  N  is 
the  number  of  atoms  in  the  chain  and  g0  tad  at  are  the  am¬ 
plitude  and  frequency  of  the  force  g  on  the  end  atom  in  the 
chain  due  to  the  anisotropy,  which  is  made  to  oscillate  by  the 
uniform  magnon  mode.  The  parameters  a,  0  and  0  were 
chosen  to  have  the  values  corresponding  to  the  coefficients  in 
the  expansion  of  the  force  calculated  from  the  Lennard- 
Jones  potential  out  to  third  order  in  the  displacement  from 
equilibrium.  (This  choice  avoids  the  problem  that  one  would 
encounter  if  one  used  only  the  second-order  expansion, 
namely,  that  the  assumed  equilibrium  state  of  such  a  model 
in  which  the  atoms  are  equally  spaced  is  not  the  ground  state, 
leading  to  a  possible  instability  if  the  system  is  driven  hard 
enough.)  This  equation  of  motion  was  integrated  by  the 
fourth-order  Runge-Kutta  method  and  the  vibrational  energy 
was  calculated  as  a  function  of  time.  The  results  for  several 
system  sizes  are  shown  in  Fig.  1.  As  can  be  seen,  there  is  a 
transition  from  nondissipative  to  dissipative  behavior  as  the 
size  of  the  system  increases  beyond  a  critical  value  (in  the 
sense  that  the  internal  energy  of  the  100  atom  system  of 
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t  (^m/a)01)  FIG.  2.  The  energy  (in  units  of  J,  the  exchange  interaction  foe  spa  direc¬ 

tions  transverse  to  the  c  axis)  is  shown  as  a  function  of  the  time  (in  anils  of 
ti/J)  foe  (a)  a  6  Mom  chain  and  (b)  a  10  atom  chain.  The  ratio  of  the 
FIG.  1.  The  energy  per  atom  (measured  in  units  of  an2)  as  a  function  of  exchange  along  the  c  axis  to  /  is  1.3,  the  magnetic  moment  of  a  site  times 

time  [in  units  of  ZvAmtoif3^  (a)  for  a  100  atom  chain  with  the  static  field  (which  is  along  Ok  c  axis)  is  0.1/,  and  the  product  of  the 

(b)  foe  a  100  atom  chain  with  «**0.6(<tfm)a5,  (c)  for  a  200  Mom  chain  with  magnetic  moment  and  the  driving  field  is  0.1/  and  to  frequency  is  equal  to 

w^O.lSW*)*5,  (d)  for  a  200  atom  chain  with  w-O^a/*)*3.  Jfh). 
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1i  frequency  0.3ai,,  where  a»,=(«m)0J,  shown  in  Fig.  1  does 

J  not  increase  on  the  average  as  a  function  of  time,  whereas  the 

j  energy  of  the  200  atom  system  of  the  same  frequency  does). 

The  critical  size  also  appears  to  depend  strongly  on  the  driv- 
'  ing  frequency.  For  example,  the  100  atom  system  when 

I  driven  at  a  frequency  of  O.&o,  was  ergotic,  whereas  when 

|  driven  at  0.3  oi,  it  was  not.  The  critical  driving  frequency  for 

a  64  atom  chain  was  found  to  fall  between  0.8  and  1.2n*i . 
This  apparent  inverse  proportionality  of  the  critical  value  of 
N  with  oi  implies  that  for  tower  values  of  at,  which  are  more 
realistic,  the  critical  size  will  be  considerably  larger.  Since 
the  frequency  scale  in  the  present  calculations  (o,  is  of  the 
i  order  of  10u  rad/s,  we  would  expect,  on  the  basis  of  the 

i  apparent  inverse  proportionality  of  N  with  in  that  the  critical 

N  would  be  about  10s  for  a  driving  frequency  of  about  1 
|  GHz,  which  is  a  reasonable  size  for  a  mesoscopic  system. 

!  This  behavior  can  be  understood  qualitatively  on  the  basis  of 

^  Chirikov’s  overlap  of  resonances  criterion  because  as  the 

!  system  size  increases,  the  spacing  of  the  vibrational  modes 

t  decreases.  The  present  calculations  give  a  dependence  which 

j  is  an  inverse  proportionality  of  the  critical  N  to  at,  whereas  a 

>  calculation  based  on  Chirikov’s  overlap  of  resonance  crite¬ 

rion  gives  a  much  stronger  frequency  dependence,’  but  Chir¬ 
ikov’s  method  does  predict  the  general  result  that  the  critical 
N  decreases  with  increasing  at. 

Next,  let  us  consider  a  model  for  FMR  relaxation  in 
small  magnetic  systems  due  to  decay  of  the  uniform  magnon 
into  other  magnons.  For  simplicity,  let  us  consider  a  chain  of 
spins,  interacting  with  an  anisotropic  Heisenberg  exchange 
interaction.  The  equation  of  motion  for  the  spin  on  the  fth 
lattice  site  is 


t 
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S^HrfXS,.  (3)  | 

where  W3r=-'d///<JS*)  +  A(r)da2,  where  ‘ 

and  A(r)  =  A„cos(ttit)  is  an  ap-  j 

plied  external  field  due  to  the  electromagnetic  field.  The 
equation  of  motion  was  solved  and  the  energy  of  the  mag-  •  j 

netic  system  calculated  as  a  function  of  time.  The  results  are  , 

presented  in  Fig.  2.  As  in  the  previous  model,  if  the  energy  j 

increases,  it  means  that  the  uniform  mode  is  able  to  absorb 
energy  from  the  external  field,  because  it  is  damped  by  the 
interaction  with  the  other  spin  waves  by  the  nonlinearity  of 
the  anisotropic  exchange  interaction.  We  note  that  Fig.  2 
shows  a  transition  from  dissipative  to  nondissipativc  behav¬ 
ior  as  a  function  of  system  size,  like  that  found  for  the  model 
for  damping  due  to  phonon  excitation  found  earlier. 
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The  mixed  series  Co^Fe^CrjS,  has  been  studied  by  x-ray,  Mossbauer  spectroscopy,  and 
superconducting  quantum-interference  device  (SQUID)  magnetometry.  The  crystal  structure  is 
found  to  be  a  cubic  spinel,  and  the  lattice  constant  a0  decreases  linearly  with  increasing  cobalt 
concentration.  Mossbauer  spectra  of  Co^Fe^Cr^  have  been  taken  at  various  temperatures 
ranging  from  4.2  to  300  K.  The  iron  ions  are  ferrous  and  occupy  the  tetrahedral  sites.  The  Curie 
temperature  increases  linearly  with  cobalt  concentration,  suggesting  that  the  superexchange 
interaction  for  the  Co-S-Cr  link  is  stronger  than  that  for  the  Fe-S-Cr  link.  Magnetic  hyperfine  and 
quadrupole  interactions  in  COo^FcoaG^  at  4.2  K  have  been  studied,  yielding  the  following  results: 
Hm= 80.8  kOe,  je2qO(l  +  }i^) 1/2 =2.65  mm/s,  0=15°,  ^=75°,  and  r/~  1 .0.  It  is  notable  that,  as  the 
temperature  decreases  below  the  Curie  temperature,  quadrupole  splitting  increases  with  decreasing 
temperature,  suggesting  the  presence  of  an  electric  field  gradient  and  accompanying  relaxation 
effects.  Magnetic  susceptibility  measurements  by  SQUID  magnetometry  show  that  superexchange 
interactions  between  Fe2+  ions  are  ferrimagnetic. 

I.  INTRODUCTION 

The  ferrimagnetic  materials1'2  CoCr2S4  and  FeCtjS, , 
both  of  which  have  normal  spinel  structure,  have  been  stud¬ 
ied  in  a  large  number  of  crystallographic,  magnetic,  and  elec¬ 
tric  investigations  as  well  as  by  Mossbauer  spectroscopy.3'5 
The  Curie  point  Tc  is  about  177  K  for  FeCr2S4  and  227  K  for 
CoCrjS*.1  As  a  result  of  the  strong  preference  of  the  Cr3+ 
ions  for  the  octahedral  sites,  the  compounds  become  normal 
spinels  with  Fe2+  or  Co2+  ions  at  the  tetrahedral  sites  and 
Cr”  ions  at  the  octahedral  sites.6  The  crystal  structure  of 
FeCr2S4  remained  cubic  down  to  5  K.7  FeCrjS4  undergoes  a 
second-order  phase  transition  at  about  10  K  that  changes  the 
local  symmetry  at  the  Fe2+  sites.2  The  most  interesting  fea¬ 
ture  of  Mossbauer  spectra  is  a  quadrupole  splitting  below  Tc 
which  increases  with  decreasing  temperature.  Mossbauer 
studies  of  Co,Fe,  _zCr2S4  which  were  done  only  in  limited 
temperature  ranges  have  been  reported  by  several  authors.5'7 
Above  Tc,  the  spectra  form  a  narrow  singlet  line,  indicating 
a  strictly  cubic  environment  of  the  Fe2+  ion  at  tetrahedral 
sites,  (n  the  case  of  high-Co2+-concentration  samples,  the 
strength  of  the  hyperfine  field  H M  decreases  strongly  while 
the  values  of  the  quadrupole  splitting  A  Ea  increase  strongly 
at  low  temperatures.  The  results  are  not  complete  for  all  the 
temperature  regions  so  far.  Moreover,  Mossbauer  spectra, 
which  must  result  from  the  combined  magnetic  hyperfine 
and  electric  quadrupole  interaction  below  Tc,  have  never 
been  analyzed  with  constraint  of  line  width. 


‘’Present  addreu:  Department  of  Physics,  Choseon  University,  Kwingjoo 
501-795,  Korea 


Here  we  present  the  results  of  Mossbauer  experiments 
which  are  analyzed  under  the  consideration  of  HM,  yezqQ, 
0,  <f>,  and  rj,  and  compare  them  with  those  of  x-ray  and 
superconducting  quantum-interference  device  (SQUID)  ex¬ 
periments. 

II.  EXPERIMENT 

The  mixed  system  Co,Fe|  _xCr2S4  was  prepared  by  di¬ 
rect  reaction  of  the  high-purity  elements  Co,  Fe,  Cr,  and  S  in 
an  evacuated  quartz  tube.  The  stoichiometric  mixtures  were 
sealed  in  evacuated  quartz  ampoules  and  heated  at  SOO  °C 
for  one  day,  at  800  °C  for  one  day,  and  then  at  1050  °C  for 
three  days.  In  order  to  obtain  a  homogeneous  material,  it  was 
necessary  to  grind  a  sample  after  the  first  firing  and  to  press 
it  into  a  pellet  for  the  second  heating  at  1050  °C  for  five  days 
in  evacuated  and  sealed  quartz  ampoules.  The  samples  were 
57Fe  enriched  to  3.0  at.  %  of  the  metal  atoms  for  Mossbauer 
measurements.  The  Mossbauer  spectra  were  recorded  using  a 
conventional  spectrometer  of  the  electromechanical  type 
with  a  57Co  source  in  a  rhodium  matrix. 

HI.  RESULTS  AND  DISCUSSION 

The  lattice  constants  were  determined  by  using  the 
Nelson-Riley  function8  and  extrapolating  to  backward  dif¬ 
fraction  (#=90°).  The  results  are  shown  in  Table  I.  The  lat¬ 
tice  constant  a0  decreases  linearly  with  increasing  Co2+  con¬ 
centration  and  follows  Vegard's  law  approximately.  This  can 
be  expected  in  view  of  the  fact  that  the  ionic  radius  of  0.71  A 
for  Co2+  ions  is  smaller  than  that  of  0.77  A  for  Fe2+  ions. 

Mossbauer  spectra  of  Co^Fe^Cr^  were  measured  at 
various  absorber  temperatures  from  liquid-helium  tempera- 
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hire  to  room  temperature.  Some  of  them  are  shown  in  Figs.  1 
and  2.  The  spectra  below  the  Curie  temperture  Tc  were  fitted 
with  eight  Lorentzians  by  diagonalizing  the  4X4 
<|M ),9  where  M  is  the  combined  Hamiltonian  of  the 
magnetic  hyperfine  and  electric  quadrupole  interaction,  and 
M, ,  M',  =  ±  j,  ±5.  In  the  least-squares  fitting  of  the  data,  the 
eight  lines  in  a  given  spectrum  were  assumed  to  have  an 
equal  linewidth.  The  sum  of  the  eight  Lorentzians  is  drawn 
in  the  data  points  in  Figs.  1  and  2.  The  magnetic  hyperfine 
field  Hu  and  quadrupole  splitting  A Ea  of  x=0.9  at  4.2  K 
have  been  fitted,  yielding  the  following  results: 

Hu=  80.8  kOe,  A£0=Je2q£?(l  +}t2)1/j=2.6S  mm/s, 

8=  15°,  <!>=  75°.  7=1.0, 

where  8  and  d>  are  the  polar  and  azimuthal  angles,  respec¬ 
tively,  of  Hu  with  respect  to  the  principal  axes  of  the  EFG 


a;  o.o* 
o 

£0  0.04 

5  0.00 


VELOCITY  (mm/m) 


FIG.  1.  Monbaun  spectra  of  C%d’eoiCtiSa  at  low  temperature. 


VELOCITY  (mm/m) 

FIG.  2.  Mosabauer  spectra  of  Cop^Fe^CrzS,  near  the  magnetic  ordering 
temperature. 


tensor,  and  7=(Vxv 


•)/VlV  >s  the  asymmetry  pa¬ 


rameter  of  the  EFG.  In  the  case  of  x=0.9,  the  value  of  8  is 
15°  below  8  K  and  with  increasing  temperature  decreases 
linearly  to  0°  at  45  K.  The  calculated  spectra  were  fairly 
insensitive  to  <f>  values  above  35  K.  The  asymmetry  param¬ 
eter  i)  remains  at  about  1.0,  which  means  the  EFG  is  not 
axially  symmetric.  This  result  is  different  from  7=0.0  for 
CoougFeojnCrjS*  by  van  Diepen  and  van  Stapele.7 

The  spectra  above  Tc  were  fitted  to  a  single  Lorentzian 
Some  of  them  are  shown  in  Table  I  and  Fig.  2.  The  decrease 
in  the  isomer  shift  when  Co2+  ions  are  substituted  indicates 
that  the  electron  density  at  the  Fe2+  ion  nucleus  increases, 
which  corresponds  to  the  change  in  the  Fe2+  ion  electron 
configuration  due  to  the  greater  covalence  of  Fe2+ — S2~ 
bonds  with  increasing  Co"’  concentration.  The  increased  co¬ 
valence  may  also  influence  the  dynamic  Jahn-Teller  effect, 
which  gives  rise  to  a  change  in  the  electric  quadrupole  inter¬ 
action  below  Tc  when  there  is  a  substitution  of  Co2+  ions. 

Figure  3  shows  the  temperature  dependence  of  the  mag¬ 
netic  hyperfine  fields  Hu.  It  is  interesting  that  the  magnetic 
hyperfine  field  has  a  maximum  at  about  90  K  and  decreases 
anomalously  with  decreasing  temperature.  This  is  similar  to 
our  former  results10  of  the  NiIFe|_ICr2S4  system  in  which 
the  antiferromagnetic  monoclinic  structure,  NiCr^S*,  and  the 
ferrimagnetic  spinel  structure,  FeCr2S* ,  are  mixed.  This  un¬ 
usual  reduction  of  the  magnetic  hyperfine  field  below  90  K 
can  be  explained  in  terms  of  the  temperature  dependence  of 
the  cancellation  effect  between  the  orbital  current  field  term 
and  Fermi  contact  term  in  Hu.l0u 
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HO.  3.  Temperature  dependence  of  the  effective  magnetic  hyperfine  field 
for  Coo^FetuCr^. 

As  shown  in  Fig.  4,  the  quadrupole  splitting  A£y  in¬ 
creases  remarkably  when  the  temperature  goes  down.  The 
absence  of  quadrupole  splitting  above  Tc  suggests  that  the 
iron  ions  occupy  tetrahedral  sites  in  the  spinel  structure  be¬ 
cause  the  local  symmetry  of  a  tetrahedral  site  is  cubic  T d 
while  that  of  an  octahedral  site  is  trigonal  Did.  There  are 
several  views  to  explain  this  deviation  below  Tc  from  cubic 
symmetry  at  tetrahedral  sites  that  are  occupied  by  Fe2*  ions: 
for  instance,2  a  magnetically  induced  EFG,  small  magneto¬ 
striction  effects,  and  the  concepts  of  both  localized  behavior 
and  a  dynamic  Jahn-Teller  effect. 

It  was  recently  known  that  of  these  views,  the  suggestion 
that  the  EFG  arises  from  the  dynamic  Jahn-Teller  stabiliza¬ 
tion  of  the  5£j(Fe2+)  ground  state  is  more  plausible.  Our 
results  agree  with  this  view  too.  It  is  notable  that  there  is  no 
abrupt  change  in  the  quadrupole  splitting  and  magnetic  hy¬ 
perfine  field  in  CooyFegjCr^a,  which  means  Co2*  is  not 
active  as  part  of  a  Jahn-Teller  effect  while  the  Fe2*  ion  is  a 
Jahn-Teller  impurity  instead  of  taking  part  in  a  cooperative 
Jahn-Teller  effect.12  The  line-broadening  effect  was  observed 
with  a  Co2*  concentration.  Maximum  line  broadening  was 
unexpectedly  found  to  occur  at  x=0.7,  not  at  x  =0.5,  which 


FIG.  4.  Temperature  dependence  of  the  quadrupole  splitting  for 
C*v,  oFcq  iCrjSg . 


T  (K) 


FIG.  5.  Ze  rofie  Id-cooled  and  field-cooled  magnetic  moment  vs  temperature 

curves  for  Con^FCojClaS. . 

is  most  probable  composition.  It  therefore  means  that  this 
effect  results  not  from  the  random  distribution  of  Co2*  ions 
among  tetrahedral  sites5  but  from  the  Jahn-Teller  effect. 

The  Curie  temperature  T,  was  determined  from  Moss- 
baucr  and  SQUID  measurements.  Both  are  in  fairly  good 
agreement.  As  shown  in  Table  I,  the  Curie  temperature  T, 
increases  linearly,  suggesting  that  the  superexchange  interac¬ 
tion  for  the  Co-S-Cr  link  is  stronger  than  that  for  Fe-S-Cr 
link. 

The  temperature  dependence  of  the  magnetic  moment 
for  Co0sFe05Cr2S«  under  an  applied  field  Ha= 8  kOe  is 
shown  in  Fig.  5,  in  the  zero-field-cooled  (ZFC)  and  field- 
cooled  (FC)  modes.  Below  80  K,  the  magnetic  moment  is 
not  saturated  but  decreases  with  decreasing  temperature.  This 
is  compatible  with  the  tendency  of  the  magnetic  hyperfine 
field  Hw  from  Mossbauer  data  and  may  be  explained  in 
terms  of  differences  in  the  temperature  dependences  of  A  and 
B  sites.2  Magnetic  susceptibility  measurements  by  SQUID 
magnetometry  show  that  the  shape  of  the  susceptibility  curve 
is  typical  of  a  Neel  ferrimagnet. 
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Electron  paramagnetic  resonance  measurements  at  36  GHz  and  in  the  range  12-18  GHz  were  made 
on  a  single  crystal  of  the  ID  Ising  ferromagnet  [(CH3)3  NH]  FeCl3-2H20,  known  as  FeTAC, 
containing  a  nominal  10%  of  the  isomorphous  compound  CoTAC.  While  the  4.2  K  spectra  obtained 
with  the  external  held  parallel  to  the  chain  axis  were  similar  to  the  spin  cluster  resonance  spectra 
previously  identified  in  pure  FeTAC,  differences  in  the  low-field  satellite  structure  were  observed, 
which  are  tentatively  attributed  to  differences  in  the  dipolar  interaction  and  to  shorter  ferrous  chains. 

An  appreciable  decrease  in  the  strength  of  the  demagnetizing  field  is  associated  with  the  tendency 
of  the  Co2+  moments  to  align  perpendicularly  to  the  chain  axis. 


The  compound  [(CH3)3  NH]  FeC!3  2H20,  known  as 
FeTAC,  is  a  member  of  a  family  which  contains  chains  of 
bihalide-bridged  metal  ions  extending  along  the  b  axis  of  the 
orthorhombic  unit  cell.1  Magnetic  and  specific  heat  studies 
have  shown  FeTAC  to  be  an  almost  ideal  one-dimensional 
(ID)  Ising  ferromagnet  in  the  range  6-20  K.u  The  phase 
diagram  is  metamagnetic  with  TC~3A  K  and  Hc( 0)=90  Oe, 
and  the  b  axis  is  the  bulk  easy  axis.  There  are  two  inequiva¬ 
lent  Fe2+  sites  per  unit  cell,  with  significant  spin  canting  in 
the  a  direction. 

The  Ising  form  of  the  exchange  interaction  in  the  5  =  1  /2 
representation  arises  from  the  splitting  of  the  free-ion  ground 
level  of  Fe2+  (3d6,  5  =  2)  by  the  combined  effects  of  the 
spin-orbit  coupling  and  noncubic  components  of  the  crystal 
field,  which  produce  a  well-isolated  Ms=± 2  pseudo-doublet 
ground  state.3  In  the  5=1/2  representation,  the  Zeeman 
splitting  of  the  Ms=± 2  doublet  may  be  represented  by  a 
highly  anisotropic  g  factor,  with  g;=8  and  gx ,  0,  where 

the  z  direction  would  correspond  to  the  b  axis  of  the  crystal 
in  the  absence  of  the  spin  canting.  The  simplest  spin  Hamil¬ 
tonian  describing  the  magnetic  behavior  of  this  system  when 
the  external  field  is  parallel  to  the  easy  axis  (H\\b)  may  be 
written 

>-w2s!SJtl  (1) 

i  i 

where  Htg=H-H0,  H  is  the  external  field,  and  H0  is  the 
sum  of  the  demagnetizing  and  interchain  exchange  fields. 

The  elementary  excitations  of  the  5=1/2  Ising  system 
given  by  Eq.  (1)  are  localized  spin  reversals,  known  as  spin 
clusters  or  magnon  bound  states.4'6  Neglecting  excitations  in 
which  there  is  a  reversed  spin  at  the  end  of  a  chain,  the  first 
set  of  excited  states  contains  a  single  group  of  n  neighboring 
reversed  spins,  known  as  an  n-fold  spin  cluster.  According  to 
Eq.  (1)  the  energy  of  such  a  cluster  is  given  by 

E„=E0+2J  +  ng1nBHcB,  (2) 


where  E0  is  the  energy  of  the  ferromagnetic  ground  state  in  a 
field  HcB.  The  second  set  of  excited  spin  cluster  states  con¬ 
sists  of  two  separated  spin  clusters  within  a  single  chain. 
Here,  the  excitation  is  4 J  for  //eff= 0.  The  value  2JlkB=35 
K,  obtained  from  the  magnetic  susceptibility  and  specific 
heat  measurements,12  indicates  that  only  single  cluster  exci¬ 
tations  need  be  considered  in  the  first  approximation  at  liquid 
helium  temperatures. 

Electron  paramagnetic  resonance  (EPR)  spectra  ob¬ 
served  from  single  crystals  of  FeTAC  showed  the  expected 
anisotropy.  ^  In  9  GHz  measurements  below  10  K,  Ravin¬ 
dran  et  al.1*  reported  a  strong  resonance  line  with  a  maxi¬ 
mum  g  value  of  roughly  8  in  the  5=1/2  representation,  to¬ 
gether  with  a  broad  line  at  lower  fields.  Measurements  at 
higher  microwave  frequencies  by  Rubins  et  al.'>  both  con¬ 
firmed  Ravindran’s  suggestions  that  the  strong  line  was 
caused  by  transitions  between  adjacent  spin-cluster  levels, 
given  by  An  =  ±  1  in  Eq.  (2),  and  showed  the  broad  line  to 
be  an  unresolved  satellite  structure,  which  dominated  the 
EPR  spectrum  at  35  GHz. 

In  a  more  complete  investigation  covering  the  range 
10-36  GHz,  Rubins  et  al. 10  showed  that  the  An  =  ±  1  tran¬ 
sitions  were  responsible  for  both  the  strong  line  and  major 
satellite  lines,  thus  demonstrating  unequivocally  the  exist¬ 
ence  of  spin-cluster  resonance  (SCR),  first  proposed  by  Data 
and  Motokawa4  in  1966.  Both  the  frequency  dependence  of 
this  spectrum  and  the  temperature  variations  of  the  line  in¬ 
tensities  were  explained  semiquantitatively  by  the  addition  to 
Eq.  (1)  of  the  term  A5X,  where  A  is  a  fine-structure  param¬ 
eter  in  the  5  =  1 12  representation.3  The  best  fit  of  the  FeTAC 
data  was  obtained  with  the  values  2JlkB=33  K,  A/tB=6.6 
K,  gz=8.2,  and  H0= 340  Oe.'° 

In  this  work,  we  present  results  of  an  EPR  investigation 
of  a  mixed  crystal  of  FeTAC  and  CoTAC,  grown  from  a 
solution  containing  10%  CoTAC.  The  measurements  were 
made  in  the  frequency  range  12-18  GHz  and  at  36  GHz. 
EPR  spectra  obtained  at  4.2  K  with  H\\b  are  shown  for  the 
two  ranges  in  Figs.  1  and  2,  respectively. 

The  basic  features  of  the  EPR  spectra  observed  from  the 
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FIG.  1.  EPR  spectra  at  4.2  K  of  a  mixed  <Fe,  Co)  TAC  crystal  with  H)b  and 
microwave  frequency  (a)  12.4  GHz,  (b)  14.9  GHz,  (c)  18.0  GHz. 

mixed  crystal,  consisting  of  a  main  line  and  a  lower-field 
satellite  structure,  are  similar  to  those  from  pure  FeTAC. 
Curve  (a)  of  Fig.  1  shows  that  at  sufficiently  low  microwave 
frequencies,  the  satellites  appear  as  a  single  broad  line,  while 
curves  (b)  and  (c)  show  that  the  satellites  decrease  in  num¬ 
ber,  but  increase  in  separation  and  relative  intensity,  as  the 
frequency  is  increased.  Figure  2  shows  that  these  trends  are 
continued  at  36  GHz,  except  that  the  satellite  structure  be¬ 
comes  more  complicated.  Further  evidence  confirming  a 


FIG.  2.  EPR  spectra  at  4.2  K  with  H\b  in  (a)  the  mixed  (Fe,  Co)  TAC 
crystal  at  33.6  GHz  (b)  pure  FeTAC  at  33.6  GHz. 
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spin-cluster  interpretation  comes  from  the  decrease  in  inten¬ 
sity  of  the  spectra  as  the  temperature  is  lowered,  and  the 
linear  variation  of  the  resonance  field  of  the  main  line  with 
frequency.  From  the  latter,  the  values  g,  =  S. 452:0. 02, 
H„=(270±20)  Oe  were  obtained. 

The  similarities  mentioned  above  lead  us  to  assume  a 
spin-cluster  interpretation  for  the  mixed  crystal  spectra  simi¬ 
lar  to  that  proposed  for  pure  FeTAC.  Interest  then  centers  on 
the  differences  in  the  two  sets  of  spectra,  which  are  summa¬ 
rized  below: 

(i)  The  satellite  structure  of  the  mixed  crystal,  shown  in 
the  36  GHz  data  of  Fig.  2,  has  at  least  one  more  component, 
although  fewer  components  were  observed  in  the  lower  fre¬ 
quency  data. 

(ii)  H0,  the  sum  of  the  demagnetizing  and  interchain 
exchange  fields,  is  appreciably  smaller  in  the  mixed  crystal. 

(iii)  Satellites  may  be  seen  above  the  “main”  line  in 
curve  (a)  of  Fig.  1,  which  were  not  present  in  pure  FeTAC. 

Clues  about  the  behavior  of  the  mixed  crystal  may  be 
obtained  from  the  magnetic  data  for  [(CH3)3NH] 
CoCl3  2H20.  The  moments  in  CoTAC  lie  in  the  ac  plane, 
with  spin  canting  of  22“  towards  the  a  axis.11  Unlike  FeTAC, 
the  c  axis  is  the  easy  axis  for  antiferromagnetic  ordering, 
which  occurs  below  4.18  K.  The  ac  susceptibility  data  for 
CoTAC  were  fitted  to  an  S=l/2  Ising  exchange  Hamil¬ 
tonian,  with  a  dominant  intrachain  exchange  contribution 
given  by  Jb/kB~\4  K.12 

Difference  (ii)  given  above  may  be  understood  qualita¬ 
tively  in  the  light  of  the  pure  CoTAC  data.  Since  the  Co2+ 
magnetic  moments  tend  to  align  perpendicularly  to  the  b 
axis,  in  contrast  to  the  Fe2+  moments,  the  major  axis  of  the 
g -tensor  ellipsoid  for  Co2+  should  be  normal  to  that  for 
Fe2+.  Thus  the  presence  of  Co2+  in  a  FeTAC  crystal  should 
reduce  the  magnetic  anisotropy,  and  hence  the  demagnetiza¬ 
tion  fields  associated  with  the  needle-like  sample  shape.  An¬ 
other  phenomenon  associated  with  the  insertion  of  Co2+  into 
a  FeTAC  crystal  is  the  lowering  of  the  antiferromagnetic 
ordering  temperature.13  Difference  (iii)  may  indicate  the 
presence  of  a  Co2+  spectrum  in  the  mixed  crystal.  Since  the 
g  value  for  pure  CoTAC  has  been  measured  to  be  3.8  in  the 
b  direction,12  one  would  expect  the  Co2+  hyperfine  structure 
(I  =7/2)  to  appear  on  the  high-field  side  of  the  main  Fe2+ 
line.  However,  further  experiments  are  needed  to  make  a 
definite  identification  of  the  structure  seen  in  Fig.  1,  curve 
(a). 

An  indication  of  how  the  addition  of  Co2+  affects  the 
FeTAC  satellite  structure  may  be  obtained  by  modifying  Eq. 
(1)  to  allow  for  the  inclusion  of  a  single  Co2+  ion  in  a  ferrous 
chain.  Assuming  Ising  exchange  between  the  Co2+  ion  at  the 
pth  site  and  its  Fe23  neighbors,  Eq.  (1)  requires  the  addition 
of  the  terms 

^'=-2(/'-7)S^(S3.1+S'  +  1)-(g;-gJ)/zBHcffS1,  (3) 

where  J’  is  the  Fe-Co  coupling  constant  and  gj  is  the  Co2+ 
g  value. 

The  energies  of  some  of  the  lower  eigenstates  of  Eq.  (1) 
relative  to  the  ferromagnetic  groundstate  are  shown  sche¬ 
matically  in  Fig.  3  for  the  arbitrarily  chosen  values  J  =  4J ' , 
gz=2gj  and  J' > gzfieH .  Ignoring  excitations  in  which  an 
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FIG.  3.  A  schematic  representation  of  the  Zeeman  and  exchange  splittings 
of  a  long  chain  of  S=  1/2  spins  containing  one  impurity  of  lower  magnetic 
moment.  The  energies  relative  to  the  ferromagnetic  groundstate  are  obtained 
from  the  spin  Hamiltonian  of  Eqs.  (1)  and  (3),  using  the  arbitrarily  chosen 
ratios  JIJ'  =  4  and  gjg't- 2,  with  the  exchange  splittings  dominant.  Only 
the  two  lowest  spin  duster  states  in  each  sequence  arc  shown.  Schematic 
representations  of  the  relevant  spin  arrangements  associated  with  each  Zee- 
man  level  are  shown  at  the  right  of  the  diagram. 

Fe2t  ion  at  the  end  of  the  chain  is  reversed,  the  first  excited 
state  corresponds  to  the  reversal  of  the  Co2+  spin  alone.  The 
two  lowest  sets  of  spin-cluster  states,  with  a  zero-field  exci¬ 
tation  of  J+J',  contain  an  n-fold  Fe2+  spin  cluster  neigh¬ 
boring  the  Co2+  ion.  In  Fig.  3,  the  Co2+  spin  is  reversed  for 
states  3a  and  3 6  but  not  for  states  2a  and  26.  (For  simplic¬ 
ity,  only  the  lowest  two  of  each  set  of  spin-cluster  states  are 
shown  in  Fig.  3.)  Fe2+  resonances  are  associated  with  the 
transitions  2a*->26,  etc.,  while  the  higher-field  Co2+  reso¬ 
nances  result  from  the  transitions  2a«-»3a  and  26<-*36,  etc. 
The  next  sets  of  spin-cluster  states,  with  a  zero-field  excita¬ 


tion  of  2 J  are  again  of  two  types.  Those  represented  by  states 
4 a  and  46  are  equivalent  to  the  lowest  set  of  spin-duster 
states  in  pure  FeTAC.  The  second  type,  in  which  the  Co2+ 
ion  is  reversed  and  lies  within  the  spin  duster,  is  represented 
by  the  states  5a  and  56. 

In  the  approximation  given  by  Eqs.  (1)  and  (3),  the  Fe2+ 
resonances  would  produce  a  single  line  at  a  frequency  given 
by  kv=glftBHce.  The  addition  of  the  AS,  term  to  the 
5  =  1/2  spin  Hamiltonian  for  Fe2+  is  needed  to  produce  the 
low-field  satellite  structure.10  The  different  satellite  structure 
in  the  mixed  sample  could  be  caused  by  both  the  shorter 
chain  length  and  the  different  magnetic  dipolar  interaction. 
Since  dipolar  fields  in  the  range  Kr-103  Oe  are  produced  by 
the  r  one  can  visualize  qualitatively  a 

breaiu,  .  „ie  structure  of  the  pure  sample  into  a 

more  complicated  structure,  as  occurs  in  the  36  GHz  data  of 
Fig.  2. 

Further  studies  of  such  mixed  crystal  systems  by  EPR 
are  clearly  needed.  In  particular,  the  data  indicate  a  marked 
dependence  of  the  demagnetization  field  on  the  Co2*  con¬ 
centration,  and  show  EPR  to  be  a  sensitive  and  informative 
technique  for  studying  systems  of  this  type. 

This  work  was  supported  in  part  by  the  National  Science 
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New  perspective  on  the  Green’s  function  dipole-exchange  spin  wave 
theory  for  thin  films  (abstract) 

Ming  Chen  and  Carl  E.  Patton 

Department  of  Physics,  Colorado  State  University,  Fort  Collins,  Colorado  80523 

In  contrast  with  the  scalar  potential  theory  for  dipole-exchange  spin  waves  in  thin  films,1  the  Green’s 
function  (GF)  approach  in  combination  with  perturbation  methods  (PM)  gives  simple  closed  form 
dispersion  equations,  analytical  expressions  for  the  dipole-exchange  frequency  gaps,  and  good 
intuitive  physics.2  However,  in  the  case  of  in-plane  magnetized  films  and  perpendicular  propagation, 
the  GF/PM  results  present  two  major  problems.  (1)  The  multibranch  dipole-exchange  solutions  bear 
little  resemblance  to  the  single  dispersion  curve  for  the  well-established  Damon— Eshbach 
magnetostatic  surface  modes  and  the  nonreciprocal  mode  profiles  predicted  by  the  simple  theory  and 
observed  experimentally.  (2)  The  lowest  order  exchange  branch  has  a  curvature  that  is  much  greater 
than  expected  from  either  simple  spin  wave  considerations  or  scalar  potential  theory.  To  resolve 
these  problems,  a  simple  method  has  been  developed  to  solve  the  coupled  mode  equations  obtained 
from  the  GF  formalism  without  recourse  to  perturbation  methods.  The  coupled  mode  dispersion 
relations  obtained  with  this  method  are  valid  for  an  arbitrary  field  configuration  and  propagation 
direction,  and  are  not  subject  to  the  restrictions  imposed  by  perturbation  methods.  The  solutions 
agree  well  with  the  surface  mode  theory  for  in-plane  magnetized  films.  Good  agreement  is  also 
found  with  the  Brillouin  light  scattering  data  for  iron  thin  films. 
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Ground  stale  and  spin  dynamics  in  hexagonal  anttterromagnet  CsCuCI3 
(abstract) 

E.  P.  Stefanovskii  and  A.  L  Sukstanskii 

Physico-  Technical  Institute,  Donetsk  340114,  Ukraine 

Modulated  magnetic  structure  in  CsCuCl3  was  obtained1  by  tbe  neutron  diffraction  technique  and 
theoretically  discussed  in  Refs.  1  and  2  by  means  of  the  model  including  Dzyaloshinskii-Moriya 
and  exchange  interactions  as  well  as  sixth  order  anisotropy  in  the  basal  plane.2  The  present  abstract 
aims  at  presenting  some  new  aspects  of  a  magnetization  distribution  in  the  ground  state  of  the 
system  and  more  adequate  theory  of  its  dynamic  properties.  We  described  the  so-called  “space 
mutation”  effect  caused  by  an  external  magnetic  held  parallel  to  the  hexagonal  axis.  Sufficiently 
large  hexagonal  anisotropy  results  in  appearing  of  the  soliton  lattice  structure  and  enables  us  to 
explain  nonmagnetic  resonance  (NMR)  experiments.3  Dynamic  properties  of  tbe  magnet  were 
investigated  by  means  of  the  effective  Lagrange  function  method  using  Cartan  differential  forms. 

The  spin  wave  spectrum  and  the  magnetic  susceptibility  tensor  were  obtained.  If,  the  hexagonal 
anisotropy  being  neglected,  the  spectrum  was  shown  to  consist  of  three  branches  in  contrast  to  Ref. 

2  where  there  was  a  single  branch  only,  anrifenomagnetic  (AFMR)  frequencies  dependence  on  an 
external  magnetic  field  occurred  to  be  in  a  good  agreement  with  experimental  data.*  Taking  into 
account  the  hexagonal  anisotropy,  the  usual  zone  structure  of  the  spectrum  was  obtained. 
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Successive  Bloch  line  write  operation  in  a  1-/JM  bubble  material 

K.  Matsuyama,  T.  Ohyama,  H.  Asada,  and  K.  Tamguchi 
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The  successive  vertical  Bloch  line  (VBL)  write  operation  has  bees  performed  in  an  as-grown  l-/tm 
bubble  material  with  a  flank  wall  writing  scheme.  An  unwinding  VBL  pair  was  nucleated  by  a 
domain  expanding  pulse  currant  (200-mA  amplitude,  200- ns  pulse  width,  8- ns  rising  edge)  applied 
through  a  hair-pin  type  conductor  (gap:2.6  pm,  width:4  pm).  The  VBL  position  was  controlled  by 
a  local  in-plane  magnetic  field  produced  by  a  conductor  current  of  30  mA  and  a  uniform  in-plane 
magnetic  field  of  10  Oe.  The  above  operating  parameters  were  adjusted  by  measuring  the  collapse 
field  of  the  stripe  domain  as  a  function  of  the  parameters.  The  increase  of  bubble  collapse  field  from 
442  to  513  Oe  in  accordance  with  the  number  of  write  operations  indicated  a  successful  write 
operation. 


A  liquid  phase  epitaxial  (LPE)  bubble  garnet  film  with 
l-/tm  domain  width  is  intended  to  be  used  as  a  material  for 
a  256  Mbit/cm2  vertical  Bloch  line  (VBL)  memory.  Recently, 
the  prototype  256  Mbit/cm2  VBL  memory  chip  was  fabri¬ 
cated  and  the  performance  of  basic  memory  operation  was 
reported.1  In  order  to  realize  a  practical  memory  device,  fur¬ 
ther  precise  understanding  of  each  memory  operation  seems 
to  be  necessary.  A  problem  in  developing  high  bit  density 
VBL  memory  is  the  difficulty  in  direct  observation  of  VBLs. 
In  a  previous  report,2  the  dependence  of  bubble  collapse 
properties  on  the  number  of  included  VBLs  was  studied  for  a 
l-/xm  bubble  material.  In  the  present  study,  this  dependence 
was  utilized  to  estimate  the  number  of  VBL  pairs  in  a  stripe 
domain  subjected  to  constituent  or  whole  write  operations. 

The  LPE  garnet  film  used  is  a  standard  as-grown  \-pm 
bubble  material  with  the  following  material  characteristics: 
saturation  induction  AttM  =900  C,  uniaxial  anisotropy 
f,k=0.95xl05  erg/cm3,  characteristics  length  /=1.05X1(T5 
cm,  gyromagnetic  constant  y=1.72xl07  (sOe'~l,  damping 
constant  or=0.067.  The  top  view  and  cross  section  of  the  test 
chip  are  shown  in  Fig.  1.  The  test  chip  consists  of  two  con¬ 
ductor  layers.  An  isolated  stripe  domain  was  confined  in  the 
current  induced  magnetic  potential  well  from  the  loop  con¬ 
ductor  (1).  The  loop  conductor  was  also  used  to  apply  pulsed 
bias  fields  to  the  domain.  The  parallel  conductor  (2)  was 
used  for  bubble  and  stripe  rocking.  These  two  conductors 
were  patterned  in  the  first  conductor  layer.  Other  conductors 
for  the  write  operation  were  formed  in  the  second  conductor 
layer.  Conductors  (3),  (4).  and  (7)  were  used  to  hold  the 
stripe  head.  The  stripe  head  was  shrunk  and  stretched  be¬ 
tween  conductors  (4)  and  (7)  by  varying  the  bias  field. 

Writing  of  a  winding  VBL  pair  was  performed  by  con¬ 
stituent  operations  as  shown  in  Fig.  2.  First,  a  successive 
domain  contracting  pulse  was  applied  to  the  bubble  domain 
to  eliminate  the  extra  VBLs  and  initiate  the  5=0  state,  which 
has  one  winding  VBL  pair  [Fig.  2(a)].  Through  the  following 
write  operation  a  static  in-plane  field  Hx  was  applied  along 
the  stripe  length  direction.  The  stripe  was  stretched  by  de¬ 


creasing  the  bias  field,  and  one  of  the  initial  VBLs  was  in¬ 
tended  to  be  trapped  by  the  current  induced  in-plane  mag¬ 
netic  field  from  the  dc  conductor  current  /„  [Fig.  2(b)], 
During  the  stripe  stretch  motion  and  the  following  VBL 
nucleation  processes  an  additional  in-plane  field  Hy  of  20  Oe 
was  applied  in  the  stripe  width  direction.  This  field  defines 
the  VBL  position  at  the  prescribed  sidewall.  An  expanding 
pulse  field  was  applied  by  conductor  (6)  to  nucleate  an  un¬ 
winding  VBL  pair  at  one  side  of  the  flank  wall3  [Fig.  2(c)], 
Then,  the  stripe  head  was  chopped  by  a  contracting  bias 
pulse  field  from  the  same  conductor  (6)  to  convert  the  un¬ 
winding  VBL  pair  to  a  winding  one  [Fig.  2(d)],  A  winding 
pair  can  be  used  as  the  bit  information  carrier  in  a  VBL 
memory.  The  chopped  additional  domain  was  collapsed  by  a 
pulse  current  applied  through  conductor  (7)  and  the  stripe 
was  shrunk  toward  the  initial  ;x>sition  [Fig.  2(e)].  The  above 
operations  were  repeated  to  accumulate  winding  VBL  pairs 
with  same  polarity. 

The  preliminary  test  was  carried  out  for  some  constituent 
operations.  The  threshold  value  for  the  in-plane  field  Hx  to 
displace  the  VBL  trapped  by  the  conductor  current  /„  was 
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FIG.  1.  Configuration  of  the  test  chip. 
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Constituent  memory  operation 


FIG.  2.  VBL  write  operation. 


FIG.  4.  Bubble  collapse  field  Hn>]  measured  after  constituent  memory  op¬ 
eration;  stretch  and  shrink  for  (a)  5=0  stripe,  (b)  hard  stripe,  and  (c)  chor 
ping  for  S =0  stripe. 


measured,  as  shown  in  Fig.  3.  The  trapped  VBL  was  ob¬ 
served  as  a  local  constriction  during  stripe  rocking.  The  rock¬ 
ing  conductor  current  of  430-mA  amplitude,  250-ns  pulse 
width  with  100-Hz  pulse  frequency  enables  the  optical  ob¬ 
servation  of  constriction.  From  the  slope  of  the  linear  plots, 
the  effective  in-plane  field  generated  by  the  conductor  cur¬ 
rent  /„  can  be  evaluated  as  0.63  Oe/mA.  The  intercept  of  the 
plots  with  the  abscissa  axis  corresponds  to  the  VBL  coerciv- 
ity  in  terms  of  the  in-plane  magnetic  field  necessary  to  dis¬ 
place  the  VBL  along  the  wall.  The  VBL  coercivity  can  be 
estimated  as  3.7  Oe,  by  averaging  the  two  intercept  values. 
The  different  intercept  values  for  the  two  plots  with  different 
H,  polarity  would  be  caused  by  the  centering  error  of  the 
chip  position  in  the  external  coil  system.  The  centering  was 
carried  out  by  moving  the  chip  in  the  coil  system  manually 
so  as  to  minimize  the  difference  of  the  intercept  values,  how¬ 
ever,  it  was  difficult  to  center  it  perfectly. 

The  collapse  field  was  measured  for  the  stripe  do¬ 
main  subjected  to  the  constituent  operation,  as  shown  in  Fig. 
4.  The  plots  (a)  and  (b)  present  H ^  measured  after  ten  suc¬ 
cessive  stretch  and  shrink  operations.  The  S  = 0  and  hard 
bubble  was  selected  as  initial  states  in  plots  (a)  and  (b),  re¬ 
spectively.  The  He#  for  the  5=0  bubble  was  442  Oe  The 
hard  bubble  was  initiated  by  applying  the  successive  expand 


FIG.  3.  In-plane  magnetic  field  Ht  necessary  to  displace  a  VBL  trapped  by 
conductor  current  /,. 


ing  bias  pulse  (produced  by  the  loop  conductor  current  of 
120-mA  amplitude  and  300- ns  width)  to  the  stripe  domain, 
and  the  state  was  checked  by  assuring  that  the  domain  re¬ 
mained  after  increasing  the  bias  field  up  to  500  Oe.  The 
collapse  field  for  the  most  of  bubbles  obtained  by  this 
method  was  about  510  Oe,  which  is  that  for  the  hardest 
bubble.  As  can  be  seen  in  the  figure,  significant  variation  of 
j  values  were  not  observed  for  the  S=0  and  hard  stripe. 
The  results  suggest  that  nucleation  and  annihilation  of  the 
VBL  do  not  frequently  occur  during  the  stretch  and  shrink 
motion.  The  plots  (c)  present  the  Hml  measured  after  ten 
successive  stripe  chopping  operations  on  the  initial  5=0 
stripe.  The  results  reveal  that  the  initial  5=0  stripe  retains  its 
original  wall  state,  that  is,  the  chopping  process  does  not 
produce  an  extra  nucleation  of  VBLs. 

The  conductor  current  /„  and  the  external  in-plane  field 
Hx  are  the  representative  operation  parameters,  and  should 
be  carefully  optimized  to  realize  practical  operation  margin. 
The  dependence  of  the  write  performance  on  these  param¬ 
eters  has  been  studied  by  measuring  the  collapse  field  Hcot . 
Values  of  Hmi  measured  after  ten  successive  write  operations 
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FIG.  S.  Bubble  collapse  field  measured  after  ten  successive  write  op- 
erabons  with  various  operation  parameters. 
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FIG.  6.  Bubble  collapse  field  measured  after  various  repetitions  of 
write  operation. 


with  various  values  of  /„  and  Hx  are  shown  in  Fig.  S.  A 
trapezoidal  pulse  current  ( 200- mA  amplitude,  8-ns  rising 
edge,  200- ns  pulse  width)  was  used  for  VBL  nucleation.  If 
ten  VBL  pairs  were  written  into  the  stripe  successfully,  the 
Hm  value  is  expected  to  be  510  Oe  from  the  bubble  statics 
theory  extended  to  the  hard  bubble.2  As  can  be  seen  in  the 
figure,  most  of  results  for  operation  parameter  (c)  present 
of  about  510  Oe,  where  Hx=\0  Oe  and  /„=30  mA, 
respectively.  The  results  for  other  parameter  values  reveal 
that  further  increase  of  Hx  or  the  decrease  of  /„  results  in  the 
degraded  performance,  which  appears  to  be  caused  by  a  VBL 
trap  error.  The  threshold  values  for  Hx  and  /„  for  the  suc¬ 
cessful  write  operation  can  be  reasonably  explained  by  the 
estimated  value  for  the  current  induced  in-plane  magnetic 
field  (0.63  Oe/cm2). 

Similar  experiments  were  performed  as  a  function  of 
repetition  number  N  of  the  write  operation,  with  the  param¬ 
eters  of  f/x= 10  Oe  and  /„=30  mA,  as  shown  in  Fig.  6.  The 
increase  of  for  N*£  3  is  not  prominent,  which  agrees  with 
the  theoretical  prediction  that  the  difference  of  for  a 


bubble  with  less  than  three  VBL  pairs  is  Buriy  small.2  The 
increase  of  value  was  found  to  saturate  for  a  repetition 
number  larger  than  ten,  which  can  be  also  explained  by  the 
predicted  maximum  number  of  VBL  pairs  of  12.  The  in¬ 
crease  of  in  accordance  with  the  number  of  write  opera¬ 
tions  reveals  that  the  VBL  pairs  were  accumulated  in  the 
domain  through  the  repeated  write  operation.  The  consider¬ 
able  scattering  in  the  measured  values  suggests  the  oc¬ 
currence  of  accidental  operation  error.  The  probable  causes 
of  them  appear  to  be  the  VBL  trap  error  and  the  nucleation  of 
more  than  (me  VBL  pair  during  each  operation.  The  differ¬ 
ence  of  the  spread  of  data  in  Figs.  5(c)  and  6  (A! = 10)  would 
be  due  to  the  stochastic  aspect  of  the  error.  It  should  be 
noticed  that  the  number  of  data  in  Fig.  6  is  more  than  twice 
of  those  in  Fig.  5. 

The  successive  VBL  write  operation  has  been  performed 
in  an  as-grown  l-/un  bubble  material.  The  flank  wall  write 
scheme  was  adopted  in  the  present  study.  The  write  operation 
was  carried  out  for  an  isolated  stripe  domain  confined  in  a 
current  induced  magnetic  potential  well.  An  unwinding  VBL 
pair  was  nucleated  by  a  domain  expanding  pulse  current 
(200-mA  amplitude,  200-ns  pulse  width,  8-ns  rising  edge) 
applied  through  a  hair-pin  type  write  conductor  (gap  2.6  /on 
width  4  /on).  The  VBL  position  was  controlled  by  a  local 
in-plane  magnetic  field  produced  by  a  conductor  current  of 
30  mA  and  uniform  in-plane  magnetic  field  of  10  Oe.  The 
increase  of  the  bubble  collapse  field  from  442  Oe  for  single 
write  operation  to  511  Oe  for  ten  successive  ones  indicated  a 
successful  write  operation. 

We  would  like  to  thank  Central  Research  Laboratory  of 
Hitachi  Ltd.  for  providing  LPE  garnet  wafers. 
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Wall  and  vertical  Bloch  line  (VBL)  coercivity  arising  from  spatial  nonuniformity  in  the  material 
parameters  has  been  investigated  for  a  typical  S-pm  bubble  garnet  him  by  means  of  a 
two-dimensional  micromagnetic  computation.  Two-dimensional  sinusoidal  modulations  in  the 
magnitude  of  the  uniaxial  anisotropy  were  assumed  as  a  model  for  a  compositional  nonuniformity. 
Nonuniformities  with  a  spatial  wavelength  comparable  to  the  wall  width  were  found  to  exert  the 
largest  pinning  effect.  The  typical  computed  value  for  the  wall  and  VBL  coercivity  were  0.7  and  2.2 
Oe,  respectively,  where  10%  variation  and  wavelength  of  0.47  pm  were  assumed.  The  tendency,  that 
the  VBL  coercivity  is  larger  than  that  for  the  domain  wall,  agrees  with  the  experimental  results 
reported  previously.  The  wall  and  VBL  coercivity  caused  by  a  nonuniform  exchange  constant  have 
also  been  computed  and  compared  to  the  analytical  solutions  due  to  the  step-like  variation  of  wall 
and  VBL  energies,  respectively.  The  larger  VBL  coercivity  compared  to  that  for  the  wall  was 
observed  for  a  local  modulation  with  the  size  less  than  wall  width  and  period  more  than  1  pm. 


INTRODUCTION 

Insight  into  the  coercivity  of  a  domain  wall  and  vertical 
Bloch  line  (VBL)  is  important  for  a  material  consideration  in 
Bloch  line  memory  to  realize  the  stable  memory  operation. 
VBL  coercivity,  defined  as  the  minimum  in-plane  field  along 
the  domain  wall  required  to  displace  the  VBL,  has  been  re¬ 
ported  experimentally  to  be  larger  than  wall  coercivity.1'3 
Micromagnetic  computation  is  useful  to  evaluate  the  coerciv¬ 
ity  for  various  physical  models.3-5  In  this  paper,  wall  and 
VBL  coercivity  have  been  studied  by  numerical  integration 
of  the  Landau- Lifishits-Gilbert  (LLG)  equation  for  a  typical 
5  -pm  bubble  garnet  film  with  a  spatial  nonunifotmity  in  the 
anisotropy  and  exchange  material  parameters. 

RESULTS  AND  DISCUSSION 

The  computation  was  performed  for  a  two-dimensional 
grid  system  representing  the  magnetization  direction  in  a 
film  plane.  The  LLG  equation  was  integrated  by  using  the 
modified  Dufort-Frankel  method.6  The  computation  region 
had  the  free  and  periodic  boundary  condition  for  the  wall 
normal  and  tangential  direction,  respectively.  The  spacing 
interval  of  grid  elements  was  300x  300  A,  and  the  time  step 
interval  for  iteration  was  1  ps.  The  following  typical  param¬ 
eters  were  used:  saturation  induction  4  irM  =  195  G,  uniaxial 
anisotropy  K =8230  erg/cm3,  exchange  constant  A  =2.63 
X10'7  erg/cm,  gyromagnetic  constant  y=  1.82  x  107 
(Oe  s)~\  damping  parameter  a=0.5,  which  yields  the  wall 
width  6f=-nA)=0.18  pm,  and  Bloch  linewidth  A(  =  irA) 
=0.42  pm.  To  save  the  computation  time,  the  demagnetizing 
field  from  the  wall  normal  component  of  magnetization 
was  calculated  by  a  approximate  formulation  of 
4  irW ,  exp{  -(x/tS)2},  where  Af,  is  the  wall  normal  compo¬ 
nent  of  magnetization  at  the  wall  center  and  x  is  the  distance 
from  the  wall  center  to  grid  elements.  This  formulation  is 
based  on  the  magnetic  field  from  the  wall  surface  charges 
(4-irAfj),  and  modified  considering  the  decrease  of  the  field 
amplitude  according  to  the  distance  from  the  charges. 

Figure  1  shows  the  time  transient  of  the  orthogonal  com¬ 


ponent  of  the  effective  field  to  the  magnetization,  which  was 
calculated  for  each  grid  elements  and  averaged  over  the  com¬ 
putation  region  with  a  local  pinning  site,  for  the  pinned  (a) 
and  moved  (b)  wall  applying  to  the  step  bias  field.  It  corre¬ 
sponds  to  the  residual  torque  divided  by  the  amplitude  of  the 
magnetization.  The  coordinate  axis  expresses  the  logarithm 
of  the  effective  field.  In  the  relaxation  process,  the  effective 
field  was  confirmed  to  decrease  the  10' 13  order  after  150  000 
step  iterations,  which  was  limited  by  the  numerical  accuracy 
in  the  double  precision  calculation  in  the  FORTRAN77  pro¬ 
gram.  After  the  relaxation,  the  drive  field  Hp  was  applied  to 
the  wall.  In  Fig.  1(a),  after  increasing  the  drive  field  of  0.1 
Oe  in  addition  to  the  former  drive  field  of  3.2  Oe,  the  effec¬ 
tive  field  rapidly  increases  at  first,  but  decreases  continuously 
less  than  10'4  Oe.  This  means  that  the  wall  was  pinned. 
Furthermore,  in  Fig.  1(b),  increasing  the  drive  field  of  0.1 
Oe,  then  the  total  drive  field  is  3.4  Oe,  the  effective  field 
increases  again  after  50  ns,  which  means  that  the  wall  passed 
through  the  pinning  site.  The  wall  coercive  field  was  defined 


FIG.  1.  Time  transient  of  the  ortbogooal  component  of  averaged  effective 
fields  for  the  moved  (a)  and  pinned  fb)  wall  applying  the  step  bias  field. 
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FIG.  2.  Dependence  of  the  wall  and  VBL  coercive  field  Hc  on  wavelength 
I  of  one-dimensional  sinusoidal  modulation  in  uniaxial  anisotropy.  The 
modulation  directions  were  taken  to  be  normal  and  tangential  to  the  wall 
plane  in  the  computation  of  wall  and  VBL  coercivity,  respectively. 


as  this  threshold  value  of  the  bias  field.  The  VBL  coercive 
field  was  also  defined  by  the  orthogonal  component  of  the 
effective  field  as  the  threshold  value  of  the  in-plane  field 
along  the  wall  was  required  to  displace  the  VBL. 

Figure  2  shows  the  dependence  of  the  wall  and  VBL 
coercive  field  Hc,  resulting  from  a  one-dimensional  sinu¬ 
soidal  anisotropy  modulation  of  wavelength  l.  The  modula¬ 
tion  amplitude  Ka  was  1%  of  the  ave-aged  value.  The  modu¬ 
lation  directions  were  taken  to  be  normal  and  tangential  to 
the  wall  plane  in  the  computation  of  the  wall  and  VBL  co¬ 
ercivity,  respectively.  We  observed  that  the  wall  is  pinned  at 
the  region  where  the  uniaxial  anisotropy  is  small,  while  VBL 
is  pinned  where  the  anisotropy  is  large.  This  tendency  can  be 
inferred  from  the  dependence  of  wall  (4  4aR)  and  VBL 
(8 AQ~'n)  energies  on  the  material  parameters.  Both  the  wall 
and  VBL  coercivity  decrease  remarkably  when  the  modula¬ 
tion  wavelength  is  smaller  than  wall  and  Bloch  linewidth, 
since  the  spatial  variation  of  energy  caused  by  the  modula¬ 
tion  are  smoothed  away.  The  modulation  with  the  wave¬ 
length  comparable  to  the  wall  width  was  found  to  exert  the 
largest  pinning  effect.  For  the  one-dimensional  modulation, 
the  computed  VBL  coercivity  was  smaller  than  that  for  wall, 
which  is  incompatible  with  the  experimental  results.  Then 
we  assumed  a  two-dimensional  sinusoidal  modulation,  which 
seems  to  be  a  more  practical  model  for  actual  nonuniformity 
in  the  thin  film.  Figure  3  shows  the  coercivity  as  a  function 
of  the  modulation  amplitude  ratio  KJK.  The  wavelength 
was  0.47  /on.  Both  the  wall  and  VBL  coercivity  increase 
linearly  with  increasing  modulation  amplitude.  The  wall  co¬ 
ercivity  for  a  two-dimensional  modulation  is  l/50th  of  the 
value  found  for  a  one-dimensional  modulation.  This  is  be¬ 
cause  wall  coercivity  for  the  two-dimensional  modulation 
was  produced  by  wall  bending,  which  enables  the  small  an¬ 
isotropy  region  to  decrease  the  wall  energy.  On  the  other 
hand,  VBL  coercivity  for  a  two-dimensional  modulation  is 
reduced  to  one-half  of  the  value  observed  for  a  one¬ 
dimensional  modulation  due  to  the  local  distribution  of  VBL 
structure.  VBL  coercivity  becomes  larger  than  wall  coerciv¬ 
ity  for  a  two-dimensional  modulation.  This  tendency  agrees 
well  with  the  experimental  results.  The  wall  and  VBL  coer- 
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FIG.  3.  Wall  and  VBL  coercivity  as  a  function  of  the  modulation  amplitude 
ratio  KJK  of  one-  (ID)  and  two-dimensional  <2D)  sinusoidal  modulation  in 
uniaxial  anisotropy. 

civity  were  computed  as  0.7  and  2.2  Oe.  where  I  ()'/r  modu¬ 
lation  of  the  averaged  value  was  assumed. 

The  coercivity  caused  by  the  local  area  having  different 
magnetic  parameters  was  also  examined.  It  is  difficult  to  pin 
the  wall  containing  VBL  at  the  local  anisotropy  modulation 
due  to  the  difference  of  the  modulation  amplitude  direction 
mentioned  before.  Therefore,  we  estimated  the  coercivity 
caused  by  the  local  modulation  in  an  exchange  constant  (size 
L  X  L)  located  periodically  along  the  wall.  In  this  case,  both 
the  wall  and  VBL  were  pinned  at  the  local  modulation  hav¬ 
ing  a  reduced  exchange  constant.  The  wall  and  VBL  coerciv¬ 
ity  due  to  the  wall  and  VBL  eneigy  variations  caused  by  a 
two-dimensional  step-like  modulation  were  given  by  the  fol¬ 
lowing  approximate  formulations:4 

Wall:  Hc  =  \al8mP/L,  (1) 

VBL:  Ht  =  \Eh/\m  \I28„M  ( L>SJ 

=  lE„/\ml/2SmM-L/8m  ( L<8m) 

(A<r=<r2-(T,,^Eh=Eb2-Ebl),  (2) 

where  P  is  the  modulation  period,  and  i  denotes  each  region 
with  the  different  wall  energy  o,  =  4 \[a~K(,  VBL  energy 
Ebi=  8 A,Q~  l,2t  wall  width  8, ,  and  VBL  width  .  8m  is  the 
mean  wall  width  defined  as  8m  =  {8^  +  8JI2  for  L  >(<5,  +  8)12 
and  8m=  8^(8,-  <5,  )/(<?.  +  <5, )  ■  L  forL<(<5|  +  <^)/2.  X„  is 
the  mean  Bloch  line  width  defined  as  the  same  formula  as  the 
wall  width.  Figure  4  shows  the  dependence  of  the  coercivity 
on  the  local  modulation  size.  The  exchange  constant  is  re¬ 
duced  by  10%  in  the  modulation  region  for  a  period  of  0.96 
fim.  The  wall  coercivity  increases  with  the  increase  of  the 
modulation  size  in  spite  of  the  fact  that  the  VBL  coercivity 
saturates  when  the  local  modulation  size  becomes  larger  than 
the  wall  width.  The  dependence  of  both  the  wall  and  VBL 
coercivity  on  defect  size  agrees  well  with  the  approximation. 
The  larger  VBL  coercivity  compared  to  that  for  the  wall  was 
obtained  with  the  modulation  size  less  than  the  wall  width. 
Figure  5  shows  the  wall  and  VBL  coercivity  as  a  function  of 
the  modulation  period  with  a  fixed  size  of  0.12x0.12  /un. 
The  broken  line  indicates  the  coercive  field  defined  as  the 
threshold  value  of  the  bias  field  required  to  displace  the  wall 
containing  the  VBL  aligned  with  the  same  period  as  that  of 
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FIG.  4.  Dependence  of  the  wall  and  VBL  coercive  field  Hc  on  the  size  L  of 
a  local  modulation  in  the  exchange  constant.  Numerical  result  (solid  curve) 
and  analytical  approximation  (dotted  curve). 


(a)  without  local  modulation  (wall  was  moved) 


Hk 
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(b)  with  local  modulation  (wall  was  pinned) 
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modulation.  The  wall  coercivity  decreases  with  increasing 
the  period.  The  coercivity  of  wall  containing  the  VBL  is 
larger  than  the  normal  Bloch  wall  coercivity,  which  is  attrib¬ 
uted  to  the  fact  that  the  wall  coercivity  increases  with  the 
increase  of  the  wall  energy.  In  order  to  confirm  this  aspect, 
the  wall  coercivity  was  computed  by  changing  the  wall  en¬ 
ergy  but  keeping  the  wall  width  constant  to  eliminate  the 
modulation  size  effect.  It  was  found  that  the  wall  coercivity 
increases  with  increasing  wall  energy  for  the  same  modula¬ 
tion.  This  means  that  the  wall  coercivity  increases  in  the 
material  with  the  small  bubble  diameter. 

To  study  the  pinning  mechanism  precisely,  we  investi¬ 
gated  each  equivalent  field,  exchange  (//„),  anisotropy  (Ht), 
and  demagnetizing  ( Hd ),  which  act  on  the  magnetization. 
Figure  6  shows  a  schematic  diagram  of  each  equivalent  field 
normal  to  the  magnetization  direction  after  applying  the  step 
bias  field  Hp  of  2  Oe  to  the  Bloch  wall,  without  (a)  and  with 
(b)  the  local  modulation  in  the  exchange  constant,  respec¬ 
tively.  The  arrows  in  the  figures  are  not  drawn  to  scale.  The 
total  field  H„a  of  equivalent  fields  provides  the  torque,  which 


FIG.  5.  Wall  and  VBL  coercivity  as  a  function  of  the  local  modulation 
period  P  in  the  exchange  constant. 


FIG.  6.  Schematic  diagram  of  equivalent  fields  without  ial  and  with  lb) 
local  exchange  constant  modulation  under  application  of  a  step  bias  held  of 
2  Oe. 

rotates  the  magnetization.  TWo  magnetizations  were  chosen 
to  be  neighboring  grid  elements  of  wall  center  position.  In 
Fig.  6(a),  since  the  HCI  and  Hk  also  balanced  after  applying 
the  Hp ,  the  magnetization  rotated  around  the  Hm  composed 
of  Hp  and  Hd ,  and  the  wall  was  moved.  In  Fig.  6(b),  the  spin 
structure  was  changed  to  cause  the  exchange  field  variation 
to  cancel  the  Hp.  Therefore,  the  Hd  did  not  arise  and  the 
wall  was  pinned. 

CONCLUSIONS 

Wall  and  VBL  coercivity  resulting  from  spatial  nonuni- 
formity  in  the  material  parameters  was  investigated  by  mi- 
cromagnetic  computation.  Spatial  modulation  of  the  material 
parameters  with  a  wavelength  comparable  to  the  wall  width 
was  found  to  exert  the  largest  pinning  effect  on  the  wall  and 
VBL.  The  coercivity  of  the  wall  containing  the  VBL  was 
larger  than  that  of  the  normal  Bloch  wall  for  a  local  modu¬ 
lation  in  the  exchange  constant.  The  larger  VBL  coercivity 
compared  to  that  for  the  wall  was  obtained  for  a  two- 
dimensional  sinusoidal  modulation  in  the  anisotropy  constant 
with  the  wavelength  of  0.47  fjm  and  for  a  local  modulation 
with  the  size  less  than  wall  width  and  a  period  more  than  1 
fan. 
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Phase  transitions  In  bubble  lattice  under  temperature  lowering  (abstract) 

V.  S.  Gerasimchuk 

Civil  Engineering  Institute  of  Mackeevka,  339023  kiackeevka,  Ukraine 

Yu.  I.  Gorobets 

Donetsk  State  University,  340055  Donetsk,  Ukraine 

K.  De  Vilte 

University  Paris  XII,  France 

It  is  usually  considered  that  bubbles  forming  a  close-packed  hexagonal  bubble  lattice  have  equal 
diameters.1  It  turned  out2  that  bubbles  of  different  diameters  can  exist  in  a  certain  temperature 
interval  in  zero  bias  field  in  bubble  lattices.  With  temperature-lowering  one  of  them  collapses,  and 
others  exist  as  a  lattice-like  graphite-type  lattice.  In  the  present  paper  theoretical  grounds  of  the 
experimental  results  are  given.  Energy  of  a  lattice  containing  bubble  of  different  diameters  is 
calculated.  Variations  of  full  energy  in  bubble  diameters  give  the  system  of  equations.  Joint  solution 
of  the  system  with  appropriate  conditions  of  stability  characterize  stability  of  a  bubble  lattice  in 
respect  to  collapse.  The  conditions  of  loosing  of  stability  determine  critical  points  of  (1)  collapse  of 
a  lattice  with  bubbles  of  equal  diameters;1  (2)  structural  phase  transitions  under  which  hexagonal 
bubble  lattice  transforms  into  lattice  with  bubbles  of  different  diameters.  Diameters  of  bubbles 
situated  in  the  center  of  a  hexagonal  cell  are  shown  to  decrease  with  lowering  temperature,  while 
bubble  diameters  situated  in  junctions  of  a  cell  increase.  On  achieving  a  certain  critical  size  the 
former  collapses  and  the  latter  increases  its  size  by  a  sudden  leap.  Further  bubble  lattices  such  as 
graphite-type  lattices  exist.  Conditions  of  existence  and  collapse  of  the  latter  lattice  are  reviewed. 


'  J.  A.  Cape  and  G.  W.  Lehman,  J.  Appl.  Phys.  42.  S732  (1971). 

2  Yu.  Gorobets,  I.  Melnichuk,  and  Yu.  Pimenov,  J.  Magn.  Magn.  Mater.  US, 
204  (1992). 
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An  adaptive  computational  method  for  domain  wall  dynamics  (abstract) 

Sergey  G.  Osipov 

Department  of  Computational  Mathematics  <&  Cybernetics,  Moscow  State  University ;  Moscow  119899, 

Russia 

The  dynamics  of  magnetic  domain  walls  is  a  subject  of  intensive  computer  simulation  of  last  years. 

Now  it  is  well  understood,  that  strongly  twisted  structures  (like  horizontal  Blocb  lines)  of  domain 
walls  can  be  created.  In  some  cases  this  HBL  can  have  a  very  small  localization  region.  Appearance 
of  such  inconvenient  objects,  like  HBL,  states  a  new  scale  for  numerical  model  and  it  required  a 
significant  increase  of  node  number  for  the  uniform  grid  model.  The  main  idea  of  the  new  adaptive 
computational  method  for  LLG  equation  for  two-dimensional  (2D)  domain  wall  dynamics  is  to 
inject  and  delete  additional  nodes  only  to  the  HBL  localization  region,  using  a  special  target 
function,  which  is  based  on  the  twisting  angle  of  the  domain  wall.  Node  injection  occurs  when  HBL 
is  created,  and  node  deleting  occurs  when  HBL  is  breakthrough.  The  conjugated  gradient  method 
was  used  for  fast  demagnetization  field  computation  by  two  Dirichlet  problems  for  Poisson 
equations.  We  show  an  effective  application  of  this  method  for  2D  computations  of  domain  wall 
dynamics  for  bubble  film  with  parameters:  (2  =  4,  D  =  3(l),  a= 0.2,  h  =  ( 0,8, -3),  ( Ms )  [Here 
Q  is  the  quality  factor  of  the  film,  D  the  film  thickness  in  characterization  units,  a  the  damping 
parameter,  h  the  external  magnetic  field  in  Ms  units,  8(Afs)  the  value  of  in-plane  magnetic  field  via 
chirality,  -3(Ms)  is  the  driven  magnetic  field.]  We  found  that  HBL  has  very  strong  localization  in 
this  case.  To  carry  out  this  computation  we  need  a,  xn, =65x162  for  uniform  grid  system,  and  only 
n,  xn,=33  x  60  for  adaptive  grid  system.  A  color  computer  movie  was  created  for  this  case.  The 
new  mechanics  of  HBL  generation  and  breakthrough  is  discussed.  Here  we  can  see  significant 
asymmetry  in  HBL  generation:  two  HBL  created  at  one  moment  at  the  lower  surface  of  the  film,  but 
upper  HBL  goes  to  the  upper  surface  of  the  film  and  the  lower  goes  to  the  opposite  direction.  The 
next  pair  of  HBL  is  created  at  the  lower  surface  of  the  film  at  the  same  place. 
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Soft  Magnetic  Materials:  Ferrites 
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Wet-process  preparation  of  amorphous  Y-Fe  oxide  films  ferromagnetic 
at  room  temperature 

Q.  Zhang,  T.  Itoh,  M.  Abe,  and  M.  J.  Zhang 

Department  of  Physical  Electronics ,  Tokyo  Institute  of  Technology,  Ookayama,  Meguro-ku, 

Tokyo  152,  Japan 

Yttrium  iron  ferrite  films  of  amorphous  structure  (as  examined  by  x-ray  diffraction),  having 
ferromagnetic  moment  at  room  temperature,  are  successfully  synthesized  from  an  aqueous  solution 
by  a  ferrite  plating  method  in  which  the  substrate  is  heated  by  Xe-lamp  beams.  The  atomic  ratio  of 
Y/Fe  in  the  films  is  adjusted  to  Y/Fe=0.6,  as  in  YjFe5012,  by  properly  choosing  the  atomic  ratio 
(Y/Fe=3.5)  in  the  reaction  solution.  The  magnetization  of  the  films  at  room  temperature  is  10-40 
emu/cc,  several  times  smaller  than  that  observed  for  crystalline  YIG.  It  exhibited,  however,  a 
paramagnetic  Mdssbauer  spectrum  at  room  temperature,  suggesting  that  the  weak  magnetization  is 
ascribed  to  the  magnetic  impurity  phase  whose  concentration  is  too  small  to  be  discerned  by  x-ray 
diffraction  and  Mossbauer  measurements.  The  spectrum  has  an  isomer  shift  of  0.22  mm/sec  at  300 
K  and  a  hyperfine  field  splitting  of  462  kOe  at  12  K,  indicating  that  the  Fe  ions  are  in  a  trivalent  high 
spin  state. 


I.  INTRODUCTION 

Amorphous  oxide  films  ferromagnetic  at  room  tempera¬ 
ture  so  far  reported  have  been  synthesized  in  a  vacuum  pro¬ 
cess.  However,  we  succeeded  recently  in  synthesizing  from 
an  aqueous  solution  ferromagnetic  (at  room  temperature)  ox¬ 
ide  films  containing  Y  and  Fe  at  an  atomic  ratio  Y/Fe =3/5. 
as  in  Y,Fe<Ol2  (YIG),  which  are  amorphous  as  examined  by 
x-ray  diffraction.  The  wet-process  method  used  for  preparing 
the  amorphous  films  is  a  modification  of  the  so-called  ferrite 
plating,  a  chemistry  method  which  facilitates  synthesis  of 
polycrystalline  ferrite  films  of  spinel  structure  from  aqueous 
solution  at  low  temperature  (<100  °C).''3  The  polycrystal¬ 
line  ferrite  films  prepared  by  the  conventional  ferrite  plating 
method  have  grain  boundaries  and  columnar  structure  (per¬ 
pendicular  to  film  plane),  which  restricts  magnetic,  optical, 
and  microwave  characteristics  of  the  films  for  device  appli¬ 
cations;  magnetic  domain  mobility  is  suppressed  and  light 
and  electromagnetic  waves  are  scattered  by  such  inhomoge¬ 
neous  structures  inherent  in  the  polycrystalline  films.4  The 
amorphous  ferrite  films  are,  on  the  other  hand,  free  from  this 
problem,  and.  therefore,  are  advantageous  for  optical  and 
microwave  device  applications. 

In  this  article  we  describe  preparation  of  the  amorphous 
Y-Fe  ferrite  films,  and  report  their  structural  and  magnetic 
properties. 

II.  EXPERIMENT 
A.  Film  synthesis 

The  films  were  deposited  on  substrates  of  quartz  (20 
X15X1  mm’)  and  polyethylene  terephthalate  (PET)  (30X15 
X0.1  mm3),  which  were  heated  to  70-95 °C  by  Xe-lamp 
beams  (6-10  mm  in  spot  diameter  and  45C  W/cm2  in  inten¬ 
sity)  and  a  supplementary  electric  heater.  As  given  in  Table  1, 
a  reaction  solution  of  YCl,+FeCl2  and  an  oxidizing  solution 


of  NaNO, + CH,COONH4  (pH  buffer)  were  prepared  by  dis¬ 
solving  the  starting  chemicals  into  distilled  water.  It  was  not 
necessary  to  deaerate  the  distilled  water  (purge  air  fiom  the 
water  by  bubbling  with  N2)  in  this  experiment,  whereas  de¬ 
aerating  the  water  was  required  in  the  conventional  ferrite 
plating.5 

B.  Measurements 

The  chemical  composition  of  the  films  was  analyzed  by 
inductively  coupled  plasma  (ICP)  spectroscopy,  after  dis¬ 
solving  the  films  in  a  50%  HCI :  '  ’ion.  X-ray  (Cu  Ka)  and 
scanning  electron  microscope  (SEM)  analysis  were  per¬ 
formed  at  room  temperature  on  the  films  as  grown  and  those 
annealed  in  air  at  500-800  °C  for  3  h.  For  the  x-ray  analysis 
we  used  a  conventional  diffractometer  (RIGAKU,  RAD-iB) 
and  also  a  thin-film  diffractometer  (PHILIPS  PW3020)  for 
which  the  incident  angle  is  fixed  at  0=0.1°  and  20  is 
scanned.  Saturation  magnetization  curves  of  the  films  were 
measured  by  a  vibrating  sample  magnetometer  (VSM)  at 
room  temperature.  57Fe  Mossbauer  absorption  spectra  were 
taken  at  room  temperature  and  12  K  for  a  sample  deposited 
on  the  PET  substrate  (10  pieces  of  the  sample  were  stacked 
to  obtain  sufficient  absorption  for  y  rays)  by  a  conventional 
constant  acceleration  spectrometer  using  a  1.11  GBq  of 
57Co  embedded  in  a  Pd  matrix  as  a  source. 


TABLE  I.  Aqueous  solutions  used  for  femte  plating  of  Y-Fe  oxide  films. 


Chemical 

Concentration!  g/1) 

pH 

Reaction 

FeCl2  4H20 

0.5-1 

solution 

YCIj  6H20 

2.0-3.5 

-5.8 

Oxidizing 

NaN02 

1 

solution 

CH3COONH4 

4.0 

— 6.8-8.0 
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Temperature  (T) 

FIG.  1.  Deposition  rate  of  amorphous  Y-Fe  oxide  film,  plotted  as  a  function 
of  substrate  temperature. 


III.  RESULTS  AND  DISCUSSION 

Performing  the  plating  for  4-5  h,  we  obtained  films 
0.5-2  /rm  in  thickness.  The  rate  of  film  deposition  linearly 
increases  with  temperature,  from  15  A/min  at  70  °C  to  60 
A/min  at  95  °C  (Fig.  1).  The  film  deposition  rate  is  about 
5-20  times  smaller  than  that  (—300  A/min)  obtained  in  the 
conventional  ferrite  plating  of  crystalline  spinel  films. 

As  Fig.  2  shows,  the  atomic  ratio  of  Y/Fe  in  the  film 
linearly  increases  with  that  in  the  reaction  solution.  The  ratio 
of  Y/Fe=3/5=0.6,  as  in  YIG,  is  obtained  in  the  film  when 
Y/Fe~3.5  in  the  reaction  solution. 

Typical  x-ray  diffraction  diagrams  are  shown  in  Fig.  3, 
for  the  film  with  Y/Fe =0.63.  All  the  as-grown  films  do  not 
exhibit  diffraction  peaks  due  to  their  crystalline  structure, 
even  when  measured  by  the  thin-film  diffractometer.  After 
annealed  at  above  650  °C  the  films  exhibit  diffraction  peaks 
due  to  YIG,  showing  that  the  as-grown  films  are  amorphous. 

One  can  see  in  Fig.  4  that  the  as-grown  films  do  not 
exhibit  in  scanning  electron  microscope  images  grain  bound¬ 
aries  or  the  columnar  structure,  which  is  o(  served  for  the 
crystalline  spinel  films  prepared  by  the  conventional  ferrite 
plating.  However,  grains  grow  after  the  annealing  at  the  high 
temperatures. 


Y/Fe  in  Solution  (atomic  ratio) 
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FIG.  3.  X-ray  diffraction  diagrams  for  ferrite-piated  Y-Fe  oxide  film  as- 
grown  and  after  annealed  at  various  temperatures,  obtained  In  a  conven¬ 
tional  Cu  Ka  diffractometer. 


Figures  5  and  6  show  that  the  as-grown  films  have  al 
room  temperature  a  saturation  magnetization  of  HI-40  emu/ 
cc,  smaller  than  that  reported  for  the  bulk  YIG  sample  1 139 
emu/cc).  The  magnetization  lies  in-plane  due  to  Ihe  demag¬ 
netizing  field.  All  the  films  have  a  coercive  force  of  50-60 
Oe. 

57Fe  Mossbatter  absorption  spectrum  taken  at  room  tem¬ 
perature  (Fig.  7)  exhibits  a  paramagnetic  quadrupole  double 
with  no  ferromagnetic  hyperfine-field  absorption.  At  12  K 
the  spectrum  splits  into  a  broad  sextuple!  with  no  additional 
paramagnetic  absorption.  The  average  hyperfine  field  at  12  K 


FIG.  4.  SEM  observation  of  cross  section  of  the  ferrite -plated  Y-Fe  oxide 
FIG.  2.  Atomic  ratio  of  Y/Fc  in  film,  plotted  as  a  function  of  that  in  solution.  film,  (a)  As-grown  and  (b)  after  annealed  at  800  °C  in  air  for  3  h. 
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FIG.  5.  A  magnetization  curve  for  tbc  Y3  ,Fe4Q012  amorphous  (Um.  mea¬ 
sured  parallel  1)J)  and  perpendicular  (X)  io  film  plane. 


FIG.  7.  s?Fe  Mossbauer  spectra  for  amorphous  Y-Fe  oxide  film  with  Y/Fe 

=0.63. 


is  462  kOe,  and  the  isomer  shift  at  300  K  is  0.22  mm/s  in 
absolute  velocity.  These  values  indicate  that  Fe  ions  in  the 
amorphous  films  are  in  a  trivalent  high  spin  state. 

Why  at  room  temperature  are  the  amorphous  films  para¬ 
magnetic  as  observed  by  VSM,  while  they  are  paramagnetic 
as  observed  by  the  Mossbauer  effect?  In  some  (ferro  or  an- 
tiferro)  magnetic  materials  with  spin  fluctuation  (due  to 
amorphous  structure  or  disordered  arrangement  of  magnetic 
and  nonmagnetic  ions)  a  hyperfine  field  is  observed  by  the 
S7Fe  Mossbauer  effect  even  at  a  temperature  higher  than  a 
critical  temperature  where  magnetic  ordering  vanishes  as  ob¬ 
served  by  VSM.  This  is  because  the  detection  time  for  57Fe 
Mossbauer  effect  (r=10-8  s)  is  shorter  than  that  for  VSM 
(t=~10°  s).  An  opposite  phenomenum  (namely,  magnetic 
ordering  is  observed  by  VSM  at  a  temperature  higher  than  a 
critical  temperature  where  the  hyperfine  field  observed  by 
57Fe  Mossbauer  effect  vanishes)  never  occurs.  Therefore,  the 
weak  saturation  magnetization  observed  at  room  temperature 
for  the  amorphous  films  cannot  be  ascribed  to  intrinsic  mag¬ 
netization  with  spin  fluctuation.  It  may  be  ascribed  to  the 
magnetic  impurity  phase  whose  concentration  is  too  small  to 
be  discerned  by  the  x-ray  and  the  Mossbauer  experiments. 


FIG.  6.  Magnetization  and  coercivity  of  the  amorphous  Y-Fe  oxide  films, 
ploted  as  a  function  of  atomic  ratio  of  Y/Fe  in  film. 


Since  the  Fe  ions  are  in  a  trivalent  state  as  mentioned  above, 
a  candidate  for  the  impurity  magnetic  phase  is  y-Fe203.  De¬ 
tailed  studies  are  required  to  clarify  the  origin  of  the  weak 
saturation  magnetization  in  the  amorphous  Y-Fe  films. 

IV.  CONCLUSIONS 

Novel  noncrystalline  yttrium  iron  oxide  films  were  pre¬ 
pared  by  a  modified  ferrite  plating  method  below  100  °C. 
The  main  results  are  as  follows: 

(1)  They  are  amorphous  as  examined  by  x-ray  diffraction 
with  a  smooth  surface,  having  no  grain  boundaries  or 
columnar  structure. 

(2)  The  atomic  ratio  of  Y/Fe  in  the  films  deviates  from  that  in 
the  reaction  solution.  The  ratio  is  adjusted  to  Y/Fe=0.6, 
as  in  Y1G,  by  choosing  the  ratio  in  the  solution  to  an 
appropriate  value  (Y/Fe~3.5). 

(3)  After  annealing  the  films  at  above  650  °C,  x-ray  diffrac¬ 
tion  peaks  due  to  the  YIG  crystalline  phase  appear,  and 
grains  grow. 

(4)  The  as-grown  films  have  at  room  temperature  saturation 
magnetization  of  10-40  emu/ce,  several  times  weaker 
than  that  observed  for  crystalline  YIG  samples.  The  films 
exhibit,  however,  a  paramagnetic  Mossbauer  spectrum  at 
room  temperature,  suggesting  that  the  weak  magnetiza¬ 
tion  is  ascribed  to  the  magnetic  impurity  phase  whose 
concentration  is  too  small  to  be  discerned  by  x-ray  dif¬ 
fraction  and  Mossbauer  measurements. 
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Magnetic  anomalies  in  single  crystal  Fe304  thin  films 
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Fe30«  thin  films  were  reactively  sputtered  onto  (100)  and  <110)  MgO  substrates.  X-ray  diffraction 
data  indicate  single  crystal  Fe304  films  under  a  tensile  stress.  Magnetization  data  show  good 
agreement  with  bulk  Fe304  for  Ms ,  but  also  show  the  presence  of  a  large  anisotropy  component 
manifest  in  the  lack  of  saturation  in  fields  up  to  70  kOe.  Conversion  electron  Mossbauer 
spectroscopy  data  taken  at  zero  field  also  show  good  agreement  with  bulk  Fe304  for  the  values  of 
the  hyperfine  fields  and  isomer  shifts  of  the  two  Fe304  sites,  indicate  good  stoichiometry,  but 
indicate  the  presence  of  a  large  anisotropy  component  randomizing  the  moments.  In-plane  torque 
measurements  on  (100)  oriented  Fe304  are  consistent  with  bulk  Fe304  magnetocrystalline 
anisotropy.  However,  in-plane  torque  measurements  on  <110)  oriented  Fe304  show  the  presence  of 
a  uniaxial  anisotropy  superimposed  on  the  crystalline  terms.  This  anisotropy,  modeled  as  being  due 
to  the  stress  induced  by  epitaxy,  changes  the  easy  axis  from  the  <111)  directions  to  the  <110) 
directions  in  the  <110)  plane.  Since  the  directional  dependence  of  the  crystal  and  stress  anisotropy 
are  measurable  the  “large  anisotropy”  component  is  considered  to  be  random. 


Several  studies  have  examined  the  epitaxial  growth  of 
Fe304  on  single  crystal  MgO,14  because  of  the  good  lattice 
match.  The  distances  between  the  oxygen  atoms  in  the  fee 
lattices  of  MgO  and  Fe304  along  <100)  directions  are  2.1060 
A  and  2.0904  A,  respectively,  corresponding  to  a  0.31%  lat¬ 
tice  mismatch.  This  article  discusses  the  effects  on  the  mag¬ 
netic  properties  of  single  crystal  Fe304  when  it  is  grown 
epitaxially  constrained  to  an  MgO  substrate. 

All  films  were  about  3000  A  thick  and  were  prepared  by 
dc  magnetron  reactive  sputtering  from  an  Fe  target  onto  pol¬ 
ished  <100)  and  <110)  MgO  substrates  which  were  preheated 
for  45  min  at  500  °C  before  sputtering  at  500  °C  substrate 
temperature.  The  Ar  pressure  during  sputtering  was  2  mTorr 
and  the  02  pressure  was  0.06  mTorr.  The  background  pres¬ 
sure  was  5X10'7  Torr  and  the  deposition  rate  was  —60 
A/min. 

Symmetric  Bragg  reflection  x-ray  diffraction  (XRD)  ex¬ 
periments  ($-28  scans)  on  the  <100)  oriented  Fe304  films 
deposited  on  <100)  MgO  show  the  400  and  800  reflections 
for  the  Fe304  film  near  the  200  and  400  reflections  for  the 
MgO.  Likewise,  for  the  <110)  oriented  films  deposited  on 
<110)  MgO  the  440  reflection  for  the  Fe304  was  seen  near  the 
220  reflection  for  the  MgO.  For  the  <100)  oriented  films,  the 
splitting  was  plainly  visible  at  20ss5O°  which  for 
our  diffractometer  (Co  Ka  radiation)  was  indicative  of  single 
crystal  or  highly  oriented  films.  The  lattice  constant  mea¬ 
sured  by  XRD  normal  to  the  plane  for  the  <100)  oriented  film 
is  8.374±0.002  A  and  that  for  the  <110)  oriented  film  is 
8.376±0.002  A  (for  bulk  Fe304  the  lattice  constant  a0  is 
8.396  A).5  These  lattice  constants  are  very  close  to  those 
seen  by  Lind  el  at 1  and  Fujii  eta/.3  and  show  that  these 
films  are  under  a  compressive  stress  normal  to  the  film  plane 
which  shows  an  in-plane  tensile  stress.  Also,  the  similarity  in 
lattice  parameters  shows  that  the  tensile  stress  is  similar  for 
both  film  directions  which  means  this  stress  may  be  modeled 
as  being  isotropic.  Furthermore,  the  full  width  at  half  maxi¬ 
mum  of  the  Fe304  800  reflection  at  20=117.41°  is  A2 8 
=0.15’  (where  the  value  for  bulk  Fe304  occurs  at  28 
=  116.91°),  while  that  of  the  MgO  substrate  400  reflection  at 


20=116.34°  is  A20=O.11°,  showing  essentially  the  instru¬ 
mental  broadening  in  both  cases.  This  indicates  that  the 
strain  is  uniform  throughout  the  film  thickness. 

The  high  field  in-plane  magnetization  at  300  K  taken 
with  a  superconducting  quantum  interference  device 
(SQUID)  is  shown  in  Fig.  1.  The  lack  of  saturation  of  this 
film,  even  in  fields  of  70  kOe,  is  quite  evident  and  was  in¬ 
dependent  of  crystallographic  direction.  If  the  approach  to 
saturation  is  modeled  by6  M  =  MS(  1  -a/H),  then  a  value  of 
479  emu/cc  is  found  for  the  saturation  magnetization.  This  is 
very  close  to  the  value  for  M ,  in  bulk  materials,  471 
emu/cc.5  Films  prepared  with  different  sputtering  conditions 
and  orientations  were  analyzed  on  the  vibrating  sample  mag¬ 
netometer  up  to  24  kOe  and  none  were  saturated,  while  the 
high  field  susceptibility  was  qualitatively  the  same.  This  lack 
of  saturation  is  similar  to  the  results  of  Speriosu  el  al.1  Thus 
a  large  anisotropy  component  is  present  in  these  films. 

Conversion  electron  Mossbauer  spectroscopy  (CEMS) 
studies  were  performed  at  296  K  and  zero  field.  Sample 
spectra  and  fits  can  be  seen  in  Fig.  2.  Iron  in  Fe304  occupies 
two  crystallographic  sites  which  exhibit  six  lines  each.  The 
tetrahedral  A  site  contains  the  Fe3+  ions  and  the  octahedral  B 
site  contains  Fe2+  and  Fe3+  ions.  The  hyperfine  fields  at  the 
A  and  B  sites  and  the  isomer  shifts  of  the  A  and  B  sites  are 
determined  from  the  fit.  These  values  are,  within  experimen¬ 
tal  error,  the  same  for  <100)  and  <110)  oriented  films.  They 


FIG.  1.  In-planc  magnetization  vs  applied  field  for  Fe,04  <100)  MgO. 
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no.  2.  OEMS  data  and  tit  for  Fe,0,  on  (a)  (100)  MgO  and  (b)  <110>  MgO. 


are  found  to  be  488  and  458  kOe,  and  0.27  and  0.67  mm/s 
with  respect  to  iron  metal,  respectively,  which  agree  well 
with  values  found  for  bulk  Fe,04 ,  491  and  462  kOe,  and 
0.27  and  0.67  mm/s,  respectively.8  The  relative  intensity  of 
the  A  to  B  sites  is  1:2  reflecting  the  good  stoichiometry  of  the 
film  for  both  orientations.  The  relative  intensity  of  the  lines 
in  each  sextet  is  given  as  3:2p:  l:l:2p:3,  where 
p  =  2  sin2  81(1  +cos2  8),  and  8  is  the  equivalent  single  orien¬ 
tation  angle  between  the  magnetic  hyperfine  field  and  the 
v-rav  direction.  For  3D  random  moment  orientation,  p  =  1 . 
For  the  <100)  oriented  films  p  is  found  to  vary  around  0.8 
and  for  the  <110)  oriented  films  around  1.2.  For  the  (100) 
film  this  is  similar  to  that  seen  by  Fujii  et  at.,3  who  claim  that 
the  ratio  of  3:2:1,  orp=  1,  is  expected  because  it  shows  that 
the  moments  are  lying  along  the  (111)  directions,  which  are 
known  to  be  easy  for  bulk  Fe304.  However,  in  a  thin  film 
there  is  a  large  shape  anisotropy  with  an  anisotropy  constant 
of  27rWj  =  139xl04  ergs/cc.  The  existence  of  this  shape  an¬ 
isotropy  was  confirmed  by  magnetization  measurements  with 
the  magnetic  field  perpendicular  to  the  film  plane  as  well  as 
by  out  of  plane  torque  magnetometry.  This  anisotropy  con¬ 
stant  is  an  order  of  magnitude  larger  than  the  crystalline  an¬ 
isotropy  constant  AT,  =  —  1 1  x  104  ergs/cc.  Therefore,  the  mo¬ 
ments  should  all  be  lying  in  the  plane  of  the  film  which 
corresponds  to  8=90°,  p= 2,  and  the  ratio  of  relative  inten¬ 
sities  3:4:1.  This  is  not  the  case  here.  Therefore,  it  can  be 
concluded  that  there  is  a  large  anisotropy  component  in  these 
films,  larger  than  the  shape  anisotropy,  which  produces 
nearly  random  moments. 

The  in-plane  anisotropy  was  studied  with  torque  magne¬ 
tometry  on  0.75  mm  diameter  discs.  For  the  <100)  oriented 
film  [Fig.  3(a)]  the  cubic  anisotropy  was  clearly  visible  from 
the  presence  of  the  sin(40)  term.  From  Fig.  3(a)  the  anisot¬ 
ropy  constant  ff,  can  be  determined  and  is  shown  in  Fig.  4. 
Similar  to  the  M -H  curve,  a  lack  of  saturation  is  also  seen 
for  K\.  Again  assuming  a  1 IH  approach  to  saturation,  a 
value  of  -10X104  ergs/cc  is  obtained  which  is  close  to  the 
value  of  - 11  x  104  ergs/cc  known  for  bulk  Fe304.5  The  easy 
axis  was  confirmed  to  correspond  to  the  structural  (110)  di¬ 
rection  within  5  deg  by  comparing  reflection  high-energy 
electron  diffraction  (RHEED)  data  to  torque  data.  The  tem¬ 
perature  dependence  on  this  term  was  also  studied  and  can  be 
seen  in  Fig.  5  along  with  values  for  bulk  Fe304.s  Although 
the  magnitude  of  1C,  is  lower,  since  the  applied  field  was  10 
kOe  for  the  measurements,  the  trend  of  the  curve  agrees  well 
with  bulk  Fe304.  Similar  to  the  results  of  Speriosu  et  at.,7 
rotational  hysteresis  is  still  present  at  20  kOe  for  both  (100) 
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FIG.  3.  In-plane  torque  curves  for  Fe304  on  (a)  (100)  MgO  and  (b)  (110) 
MgO-  In  (b)  the  Fe304  bulk  torque  curve  was  calculated  from  parameters 
given  in  Ref.  5  and  Ref.  6. 


and  <110)  films,  again  showing  the  presence  of  a  large  an¬ 
isotropy. 

However,  the  torque  data  for  the  (110)  oriented  film  do 
not  exhibit  the  cubic  symmetry  expected.  In  Fig.  3(b)  the 
in-plane  torque  curve  for  the  (110)  film  is  compared  to  a 
theoretical  curve  for  the  (110)  plane  in  bulk  Fe304.  The  ex¬ 
pected  cubic  symmetry  is  dominated  by  a  uniaxial  symmetry. 
The  magnitude  of  the  associated  uniaxial  anisotropy  con¬ 
stant,  Ku ,  is  indicated  in  Fig.  4.  The  x-ray  data  show  that 
these  films  are  under  a  tensile  stress  in  the  film  plane  and 
show  the  stress  is  isotropic.  The  torque  L arising  from  the 
magnetoelastic  energy,  E is  given  by  the  relation 
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FIG.  5.  A.',  for  FcjOj  on  <100)  MgO  vs  temperature.  The  bulk  Fe,04  values 
are  from  Ref.  5. 

Lmc—  ~dEmJdd,  (1) 

where  8  is  the  angle  between  Ms  and  a  reference  direction  in 
the  him  plane,  and  where 

£  m«  =  -  ( 3  /  2 )  x ,  „„<r(  of  y ;  +  ot  yj + rrj  ) 

_3X1||<r(®Ia’yi'>'2+®2a,j')'2?J+at3air3')'|)-  <2> 

for  a  cubic  crystal.  Here,  a  is  the  stress,  a,  are  direction 
cosines  of  Ms,  y,  are  the  direction  cosines  of  a,  and  X41/  are 
the  magnetostriction  coefficients.1’  Now,  within  the  spinel 
{110}  planes  there  will  be  directions  of  the  form  000},  (110), 
and  (111).  We  first  consider  the  (110)  spinel  plane  for  our 
discussion  of  how  the  torque  varies  as  Ms  rotates  in  the 
plane.  This  particular  choice  places  the  orthogonal  [110]  and 
[001]  directions  in  the  him  plane.  <r,  and  ar2  are  the  respec¬ 
tive  principal  stresses  along  these  directions.  The  total  in¬ 
plane  magnetoelastic  energy  is  given  by 

£fnc“£m«r^“£rtic€r,  -  (3) 

We  now  dehne  8  as  the  angle  between  the  [001]  direction 
and  M , ,  use  the  assumption  of  isotropic  stress  in  the  plane 
(|o,i|=|o,2|=|<r|),  and  combine  Eqs.  (I),  (2),  and  (3),  to  ob¬ 
tain 

Imt=(-3/4)<7(Xl(io~Xm)sin  28~-Ku  sin  28.  (4) 

Therefore,  a  uniaxial  terra  is  expected  from  the  tensile  stress. 
From  the  lattice  parameter  normal  to  the  him  plane,  ax ,  a 
value  for  <r can  be  obtained.  Using,  (n_  - a0)la0=  -  2v<r/E, 
with  E  (Young's  modulus)=1.6xl012  dyn/cm2  and  v  (Pois¬ 
son’s  ratio)=0.3  gives  cr=6.7xl09  dyn/cm2.  Using5 
X,n=77.6xl0-6  and  X10()=-19.5xlO-6  gives  a  calculated 
value  of  -49X 104  ergs/cc  for  K„ .  This  is  a  factor  of  5  larger 
than  the  measured  Ku ,  Fig.  4,  but  indicates  that  stress  is  the 
probable  cause  of  the  dominant  uniaxial  anisotropy  in  the 
him.  Furthermore,  the  value  of  8.421  A  for  the  in-plane  lat¬ 
tice  parameter,  ag,  is  obtained  using  (aj-a0)/a(, 
=  (1  —  v)tr/E.  This  is  very  close  the  effective  MgO  lattice 


parameter  8.424  A  and  shows  that  the  in-plane  lattice  param¬ 
eter  of  the  Fe,04  is  taking  on  that  of  the  MgO.  Therefore,  the 
stress  is  modeled  as  being  caused  by  an  epitaxial  strain.  A 
lower  deposition  temperature  did  not  decrease  the  anisotropy 
due  to  stress  for  the  (110}  oriented  him.  From  this  it  can  be 
concluded  that  the  stress  is  not  due  to  a  thermal  strain.  Fur¬ 
ther,  the  crystallographic  directions  where  the  torque  is  equal 
to  zero  represent  the  easy  and  hard  axes.  Whether  the  axis  is 
easy  or  hard  is  determined  by  the  slope  of  the  torque  through 
those  directions.b  A  positive  slope  defines  a  hard  axis  and  a 
negative  slope  an  easy  axis.  Therefore,  it  can  now  be  seen 
that  the  (110)  axis  is  the  easy  axis,  instead  of  the  (111}. 

It  is  important  to  see  how  this  stress  affects  the  anisot¬ 
ropy  in  the  (100>  oriented  film.  Similar  calculations  for  the 
(001)  plane  show  that  £mt= 0.  Therefore,  no  anisotropy  is 
induced  by  the  strain  in  the  (100)  plane.  This  explains  why 
the  (100)  plane  gives  bulk  behavior  for  the  magnitude  and 
temperature  dependence  of  the  crystalline  anisotropy  con¬ 
stant  A, .  Since  crystalline  anisotropy,  shape  anisotropy,  and 
stress  anisotropy  are  measurable,  the  “large  anisotropy”  also 
seen  must  be  random. 

In  summary,  single  crystalline  FejO,,  thin  films  have 
been  grown  on  (100)  and  (110)  MgO  substrates.  X-ray  dif¬ 
fraction  data  show  highly  oriented  Fe504  films  under  a  ten¬ 
sile  stress.  Magnetization  data  show  good  agreement  with 
bulk  Fe304  for  A/,,  but  also  show  the  presence  of  a  large 
anisotropy  component  manifest  in  the  lack  of  saturation  in 
fields  up  to  70  kOe.  CEMS  data  also  show  good  agreement 
with  bulk  Fe,04  for  the  values  of  the  hyperfine  fields  and 
isomer  shifts  of  the  two  sites,  indicate  good  stoichiometry, 
but  indicate  the  presence  of  a  large  anisotropy  component 
randomizing  the  moments.  In-plane  torque  measurements  on 
(100>  oriented  Fe,04  agree  well  with  the  magnitude  and  tem¬ 
perature  dependence  of  the  crystalline  anisotropy  constant 
K  |  of  bulk  Fe304.  However,  in-plane  torque  measurements 
on  (110)  oriented  Fe,04  show  the  presence  of  a  dominant 
uniaxial  anisotropy.  This  anisotropy  is  shown  to  arise  from 
the  stress  induced  by  epitaxy. 
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An  analysis  of  the  high-temperature  relaxation  in  polycrystalline  magnetite 

J.  Castro,  0.  Martinez,  and  J.  Rivas 

Grupo  de  Electromagnetismo,  Universidad  dr  Santiago  dr  Compostela,  £-75706,  Spain 

H.  J.  Blythe 

Department  of  Physics,  The  University  Sheffield,  Sheffield  S3-7RH,  United  Kingdom 

Magnetic  relaxation  measurements  were  performed  in  the  temperature  range  200<£(K)<800  on 
vacancy-doped  polycrystalline  magnetite.  Important  relaxation  peaks  have  been  observed  in  the 
temperature  ranges  250<7"(K)<350  (peak  III)  and  400<7(K)<b00  (peak  I).  Particular  attention 
has  been  focused  on  the  behavior  of  peak  I  where  isothermal  measurements  have  extended  over 
times  up  to  105  s.  It  is  argued  that  the  main  features  of  peak  I  are  compatible  with  a  dislocation 
relaxation. 


I.  INTRODUCTION 

The  magnetic  relaxations  occurring  in  magnetite  have 
been  the  subject  of  many  investigations;  for  a  review  see 
Ref.  1.  In  the  temperature  range  200<T(K)<700,  two  relax¬ 
ation  peaks  occur;  in  the  literature  these  are  designated  as 
peak  III  [250<r(K)<350]  and  peak  I  [400<r(K)<600]. 

In  a  series  of  previous  articles  we  have  revisited  the 
topic  of  magnetic  relaxation  in  polycrystalline  magnetite.2-6 

The  aim  of  this  work  is  to  carry  out  a  critical  review  of 
the  state  of  knowledge  of  the  MAE  in  magnetite  and  to 
present  a  preliminary  evaluation  of  our  experimental  data6  on 
relaxation  peak  lb. 

II.  EXPERIMENTAL  TECHNIQUE 

Polycrystalline  magnetite  samples  were  prepared  from 
pure  Fe203  powder  (Merk  p.a.).  These  samples  were  sintered 
for  24  h  at  1300-1700  K  in  an  appropriate  atmosphere 
(3X10-2<  PO2(Pa)<103)  according  to  the  iron-oxygen 
phase  diagram.7  The  high-temperature  phase  equilibrium  was 
frozen-in  by  rapidly  quenching  the  samples  in  air.  Using  this 
procedure,  we  were  able  to  obtain  a  series  of  nonstoicbio- 
metric  magnetite  samples  of  composition  Fe3_/D4. 

The  MAE  measurements  were  performed  using  a  fully 
automated  ac  technique  described  elsewhere.3  The  time  de¬ 
pendence  of  the  initial  susceptibility,  xft,T),  is  measured  iso- 
thermally  in  the  interval  ll<t<t2  following  a  demagnetiza¬ 
tion  of  the  sample.  From  a  theoretical  point  of  view,  it  is 
more  appropriate  to  consider  the  reciprocal  of  the  suscepti¬ 
bility,  r(r,T),  the  reluctivity.  From  measurements  of  r(r,T) 
made  at  various  temperatures,  we  can  construct  isochronal 
relaxation  curves  via  the  expression 

tSr(tl,tl,T)  =  r{t2,T)-r(ti,T).  (1) 

This  representation  has  the  advantage  of  enabling  different 
relaxation  phenomena  to  be  separated  from  one  another  and 
also  enables  us  to  obtain  an  unambiguous  interpretalion  of 
the  temperature  and  time  dependences.8 

To  prevent  sample  oxidation  all  our  measurements  were 
performed  in  a  N2  atmosphere. 

HI.  EXPERIMENTAL  RESULTS 

Figure  1  shows  the  isochronal  relaxation  spectrum  of  A r 
for  a  polycrystalline  sample  in  the  temperature  range  200 


<T(K)<800  after  different  treatments.  Figure  1(a)  displays 
the  spectrum  of  the  "as-quencbed”  sample.  The  estimated 
vacancy  concentration  was  £“SxlO-}.9  We  observe  two 
well-defined  relaxation  processes:  peak  III  [2SO<T(K)<3SO] 
and  peak  I  [400<T(K)<600]. 

Additional  information  about  the  relaxation  processes 
can  be  obtained  from  an  annealing  technique  in  which  the 
maximum  measuring  temperature  is  increased  in  each  suc¬ 
cessive  pass.  In  Fig.  2  we  present  the  annealing  behavior  of 
A r  at  selected  temperatures  during  such  an  experiment  for 
our  magnetite  sample.  In  the  present  case,  the  maximum 
temperature  was  increased  in  50  K  steps  starting  at  400  K 
until  a  temperature  of  800  K  was  attained.  We  see  that  the 
decrease  of  peak  III  (300  K  isochronal)  is  accompanied  by  a 
reduction  of  the  430  K  isochronal  and  an  increase  of  the  530 
K  relaxation.  Thus,  we  now  have  a  clear  indication  that,  in 
the  temperature  range  of  peak  I,  we  are  dealing  with  more 
than  one  relaxation  process.  We  denote  these  as  peak  la  [400 
<T(K)<500]  and  peak  lb  [500<r(K)<600],  Another  im¬ 
portant  experimental  fact  is  that,  during  the  annealing  experi¬ 
ment,  the  initial  susceptibility  increases  by  a  factor  of  2. 

The  relaxation  spectrum  of  the  sample  after  the  anneal¬ 
ing  experiment  is  shown  in  Fig.  1  (b).  We  see  that  the  reduc¬ 
tion  of  peak  III  is  accompanied  by  a  decrease  of  peak  la  and 
an  increase  of  peak  lb. 

In  order  to  investigate  the  nature  of  the  530  K  relaxation, 
we  performed  a  series  of  long-time  isothermals  at  this  tem¬ 
perature.  The  results  are  presented  in  the  Fig.  3.  Each  run 
begins  with  a  demagnetization  of  the  sample  and  the  tem¬ 
perature  is  maintained  constant  to  better  than  0.5  K  through¬ 
out  the  measurement.  We  can  see  that,  after  a  long  period  of 
time,  the  initial  isothermals  (Lj-Ls)  tend  to  a  constant 
value,  whereas  the  latter  ones  (£,— i14)  do  not  show  this 
behavior. 

The  isochronal  spectrum  for  A r  of  the  sample  after  the 
isothermal  measurements  is  shown  in  Fig.  1(c).  We  see  that 
the  reappearance  of  peak  III  and  peak  la  is  accompanied  by 
the  disappearance  of  peak  lb. 

Another  important  experimental  fact  is  the  decrease  of 
the  initial  susceptibility  with  the  annealing. 

IV.  DISCUSSION 

We  start  the  discussion  w  ith  some  cautionary  remarks  on 
our  interpretation  of  the  experimental  magnetite  data. 
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FIG.  1.  Isochronal  relaxation  spectrum  of  a  polycrystalline  magnetite  sample  after  different  treatments.  For  the  sake  of  clarity,  the  400<r{K)<700  region  ia 
shown  in  the  inset. 


Wc  have  interpreted  peak  III  and  la  as  a  combined  after 
effect  due  to  octahedraily  coordinated  vacancies.  The  main 
experimental  support  comes  from  the  fact  that  peaks  ill  and 
Ia  anneal  out  simultaneously.  However,  we  point  out  that  this 
interpretation  is  not  completely  satisfactory  due  to  the  fact 
that  for  an  unambiguous  determination  of  a  combined  after 
effect  we  should  have  the  following  relation  between  the 
amplitudes  of  the  orientation  and  diffusion  processes:10 


^rdiffu*k» 


in  Fig.  2,  we  see  that  this  relation  is  not  even  approximately 
satisfied. 

The  separation  of  peak  I  into  two  peaks,  la  and  lb,  is  not 
without  controversy.  Another  possible  interpretation,  consis¬ 
tent  with  the  experimental  results  for  peak  I,  could  be  a  pro- 
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FIG.  2.  Annealing  behavior  V  at  selected  temperatures.  For  the  sake  of  clarity  the  430  and  530  K  isochrons  are  shown  in  the  inset. 
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FTG.  3.  Long-time  isothcrroais  a (  530  K.  The  isothermals  are  numbered 
according  to  its  relaxation  order. 


cess  whose  position  is  correlated  with  the  inverse  of  the  am¬ 
plitude  of  peak  III,  i.e.,  whose  relaxation  time  depends 
monotonically  on  the  inverse  of  the  vacancy  concentration." 
However,  magnetite  is  only  composed  of  iron  and  oxygen 
and  it  is  very  difficult  to  imagine  such  a  process  involving 
only  point  d  'ects  which  moves  100  K  during  the  annealing. 
A  possible  way  out  to  this  controversy,  see  below,  would  be 
to  invoke  dislocations  in  order  to  explain  peak  1.  At  this 
point,  we  want  to  point  out  that  the  MAE  in  magnetite  is 
very  sensitive  to  the  presence  of  impurities.  Impurities  give 
rise  to  a  magnetic  after  effect  located  at  370  K.12  In  none  of 
our  samples  have  we  observed  this  relaxation  process.  We 
take  this  as  an  indication  of  that  our  samples  are  free  of 
impurities. 

From  Fig.  3,  we  see  that  our  isothermal  curves  present 
two  different  kinds  of  behaviors.  Initially,  the  isothermal 
curves  tend  to  a  constant  value,  or  show  a  small  decrease  at 
large  times  (L,  to /. 7),  whereas  for  the  isotherms  (Lg  to L ,4) 
we  obtain,  at  large  times,  a  linear  time  dependence.  These 
experimental  results  clearly  indicate  that  we  are  dealing  with 
more  than  one  relaxation  process. 

A  possible  interpretation  can  be  made:  In  each  isother¬ 
mal  run  a  magnetic  relaxation  phenomenon  associated  with  a 
relatively  rapid  movement  of  defects  is  initially  predominant. 
Due  to  the  isothermal  heating,  superposed  on  tnis  magnetic 
relaxation,  we  find  a  very  slow  process  that  we  assume  to  be 
linear  in  the  time  scale  of  magnetic  relaxation  and  whiiu  we 
describe  as  a  microstructural  relaxation.  Using  these  assump¬ 
tions,  some  conclusions  can  be  drawn  on  the  microstructural 
relaxation  from  a  simple  analysis  of  the  isotherms  of  Fig.  3.15 

(1)  The  microstructural  relaxation  follows  a  typical  re- 
crystallization  kinetics  with  nucleation  time  10s  s. 


(2)  Assuming  that  the  microstructural  changes  corre¬ 
spond  to  a  movement  of  defects  over  distances  of  the  order 
of  magnitude  of  the  grain  size,  the  estimated  value  for  the 
activation  energy  of  the  microstructural  relaxation  is  0.94  eV. 
This  value  is  comparable  to  the  activation  energy  of  cation 
diffusion  in  magnetite. 

We  can  now  give  a  tentative  model  for  the  isothermal 
relaxation.  Before  our  isothermal  measurements,  our  sample 
is  free  of  vacancies,  i.e.,  we  do  not  observe  peak  III.  The 
main  expected  effect  of  an  isothermal  treatment  of  our 
samples  is  a  redistribution  of  dislocations.  Dislocations 
would  start  first  to  glide  and  bow  out  until  they  reach  those 
atomic  valleys  where  sessile  dissociation  is  possible  and 
from  which  further  motion  is  only  possible  by  climb14  In 
this  kind  of  material  the  activation  energy  for  the  climb  is  the 
activation  energy  of  the  motion  of  cation  vacancies.15  This 
would  explain  the  activation  energy  previously  encountered. 
Climb  motion  of  dislocations  would  produce  subgrain 
boundaries.  Following  Trauble,16  the  effect  of  these  bound¬ 
aries  could  be  to  decrease  the  initial  susceptibility.  The 
movement  of  the  dislocations  can  generate  point  defects. 
This  fact  can  explain  the  reappearance  of  the  peak  III  after 
the  isothermal  annealing.  Another  important  fact  is  that  glide 
in  this  material  needs  a  climb  dissociation  of  the  disloca¬ 
tions.  This  can  be  made  possible  through  a  migration  of  va¬ 
cancies  to  dislocations  giving  rise  to  a  process  that  is  similar 
to  the  one  studied  by  lida  for  the  case  of  Co  substituted 
magnetite.17  This  could  explain  the  correlation  of  the  posi¬ 
tion  of  the  relaxation  peak  with  the  inverse  of  the  amplitude 
of  peak  III. 

Thus,  unlike  previously  reported  models,  we  have  ex¬ 
plained  the  main  features  of  peak  I  relaxation  qualitatively 
by  a  simple  dislocation  model. 
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Dysprosium  iron  garnet  Dy3Fe5Ol2  (DylG)  thin  films  have  been  synthesized  by  postoxidizing  at  a 
temperature  Tox  (400  °C<7’0I<  1 100  °C)  of  rf  sputtered  amorphous  Dy-Fe  metallic  films.  The 
sputtering  conditions  strongly  influence  the  growth,  the  composition  and  magnetic  and 
magneto-optic  properties  of  the  oxidized  films.  Pure  DylG  films,  free  of  DyFe03,  are  synthesized 
at  Tox~  1000  aC.  Magnetic  and  Faraday  rotation  (FR)  experiments  at  three  wavelengths  (543.5, 

632.8,  and  1152  nm)  were  performed  on  DylG  films  in  the  4-300  K  temperature  range,  as  a 
function  of  magnetic  field  up  to  20  kOe  perpendicular  to  the  film  plane.  Magnetization  and  FR  data 
are  in  good  agreement  with  results  obtained  on  bulk  DylG  materials.  Temperature  dependent 
coercivity  is  observed  with  a  discontinuity  in  the  vicinity  of  the  compensation  temperature 
(7omup~225  K).  The  temperature  variations  of  the  spontaneous  FR  values  for  the  three  wavelengths 
are  interpreted  on  the  basis  of  contributions  proportional  to  the  magnetization  of  each  sublattice. 


I.  INTRODUCTION 

For  magneto-optical  (MO)  recording  applications,  sput¬ 
tering  methods  are  now  widely  used  to  grow  thin  films  of 
ferrimagnctic  rare  earth-iron  garnet  from  ceramic  oxide 
targets.1-6  On  the  other  hand,  a  lot  of  work7-10  has  been 
devoted  to  the  sputtering  of  amorphous  rare  earth-transition 
metal  alloy  thin  films  which  are  sensitive  to  oxidation."  This 
leads  to  the  synthesis  of  garnet  thin  films  by  oxidizing  of  a  rf 
sputtered  metallic  rare  earth-iron  alloy  film;  this  method 
should  allow  one  to  prepare  garnet  films  in  a  wide  range  of 
composition  by  varying  the  surface  ratio  of  the  different  met¬ 
als  of  the  target  instead  of  sintering  large  discrete  ceramic 
oxide  targets.  Furthermore,  synthesis  of  thin  films  from  oxide 
targets  also  often  requires  a  post-deposition  heat  treatment. 
Bi  and  Ga  substituted  Dysprosium  iron  garnet,  Dy3Fe5Oi2 
(DylG),  have  been  the  subject  of  numerous  works  as  thin 
films  for  high  density  MO  recording.12  In  contrast,  studies 
performed  on  pure  DylG  concerned  essentially  bulk  materi¬ 
als.  We  present  here  the  results  of  crystallographic,  magnetic, 
and  MO  properties  [Faraday  rotation  (FR)]  of  thin  films  of 
pure  DylG  synthesized  by  this  method. 


II.  EXPERIMENT 

In  a  first  step,  metallic  films  of  Dy-Fe  alloy  were  depos¬ 
ited  on  fused  quartz  substrates  by  rf  sputtering  of  a  metallic 
target  of  Fe  covered  by  a  mosaic  of  Dy  platelets.  The  rf 
power  was  varied  between  0.6  and  2.5  W/cm2.  The  deposit 
was  performed  in  a  pure  Ar  atmosphere  at  pressures  between 
6X10-3  and  10-2  mbar  (base  pressure  of  2X10-7  mbar). 
The  metallic  film  growth  rate  was  between  0.25  and  1.3 
Aun/h,  Higher  power  and  pressures  resulted  in  increased 
growth  rates  to  the  detriment  of  the  quality  of  the  films.  The 
Dy/Fe  ratio  was  varied  in  the  vicinity  of  0.6  (stoichiometric 
garnet).  The  as-deposited  films  were  oxidized  in  air  at  a  tem¬ 
perature  T„  (400  °C<Tm<  1100  °C)  during  several  hours, 
then  cooled  in  the  furnace. 


X-ray  diffraction  measurements  were  performed  using 
CuKa  radiation  to  determine  the  structure  and  phase  com¬ 
position  of  the  films.  Magnetic  properties  of  the  films  were 
measured  using  a  vibrating  sample  magnetometer  (VSM)  at 
room  temperature  (oxidation  experiments)  and  a  Manics 
DSM8  susceptometer  from  4.2  to  300  K  (DylG  films).  Far¬ 
aday  rotation  (FR)  measurements  were  performed  at  three 
wavelengths:  1152,  632.8,  and  543.5  nm  as  a  function  of 
temperature  (6  K<T<300  K).  In  both  cases  the  magnetic 
field  (0-20  kOe)  was  perpendicular  to  the  film  plane. 

III.  RESULTS  AND  DISCUSSION 

The  x-ray  diffraction  patterns  of  a  sputtered  Dy3Fe5  film 
oxidized  in  air  at  increasing  temperatures,  T0> ,  are  presented 
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FIG.  1.  X-ray  diffraction  spectra  of  a  Dy-Fe  thin  film  oxidized  at  different 
temperatures  T„  (annealing  time  =15  h).  •= x-ray  diffraction  lines  of 
DyFeOj. 
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FIG.  2.  (a)  Spontaneous  Faraday  rotation  “t,  and  (b)  spontaneous  of 
two  Dy-Fe  thin  films  sputtered  at  two  different  Ar  pressures:  6X1C  '  (A) 
and  8X 10"’  (■)  mbar  vs  T„  (Lines  are  only  a  guide  to  the  eyes.)  Insert: 
coercive  field  Hf  vs  T^. 


in  Fig.  1.  Oxidation  begins  below  or  near  400  ”C  and,  as  Tox 
increases,  diffraction  lines  become  clearer.  These  lines  cor¬ 
respond  to  the  two  phases:  Dy3FesO,2  and  DyFe03.13  DylG 
is  largely  dominant  at  800  °C  but  the  112  line  of  DyFe03 
vanishes  only  at  1100  °C.  No  preferential  orientation  was 
observed  which  can  be  partly  explained  by  the  use  of  amor¬ 
phous  substrates.  It  is  to  be  noted  that  obtaining  stoichio¬ 
metric  DylG  films  depends  strongly  on  the  sputtering  condi¬ 
tions  and  composition  of  the  metallic  target.  In  our  case,  a 
metallic  target  with  Dy/Fe=0.6  leads  to  oxidized  films  cor¬ 
responding  to  a  mixture  of  orthoferrite  and  garnet  and,  in 
some  cases  (high  Ar  pressure  and  rf  power),  of  DyFe03 
only.13  Pure  DylG  films  were  synthesized  with  a  target  cor¬ 
responding  to  Dy/Fe=0.55.  Within  experimental  accuracy, 
no  line  shift  of  the  garnet  structure  could  be  detected  as  a 
function  of  Tax.  Only  a  slight  decrease  of  the  half-width  of 
e.g.,  420  line  [from  0.145”  (800  ”C)  to  0.12”  (1100  ”C)],  was 
observed. 

The  Ar  sputtering  deposition  pressure  seems  to  play  an 
important  role  concerning  the  synthesis  of  garnet  films.  This 
is  illustrated  in  Fig.  2  where  we  plotted  the  magnetic  and 
MO  properties  at  room  temperature  of  two  films  deposited  at 
two  different  Ar  pressures:  6X10"3  and  8X10-3  mbar  (Dy/ 


FIG.  3.  Temperature  dependence  of  the  spontaneous  magnetization  of  a 
DylG  thin  film  irOT=  1100  °C,  1.95  /jjd  thick).  Broken  curve:  calculated 
results  using  Dionne’s  model  (Ref.  16).  Insert:  temperature  dependence  of 
the  coercive  field. 


Fe=0.55  and  Prt~  1.9  W/cm2),  as  a  function  of  (anneal¬ 
ing  time=  15  h).  When  7'ol<800  °C,  the  magnetization  of  the 
film  decreases  towards  0  when  Tox  increases.  This  can  be 
attributed  to  the  presence  of  residual  amounts  of  as  yet  un¬ 
oxidized  Dy-Fe  particles."  At  higher  Tm,  magnetic  and  FR 
properties  present  a  jump.  In  both  cases  the  observed  transi¬ 
tion  corresponds  to  the  formation  of  the  preponderant  DylG 
garnet  phase  as  confi-ned  by  x-ray  diffraction  patterns  (Fig. 
1).  However,  this  transition  is  shifted  nearly  200  ”C  higher  in 
the  case  of  metallic  films  synthesized  at  the  higher  Ar  pres¬ 
sure.  The  magnetic  and,  especially,  MO  properties  of  the 
films  present  a  plateau  for  Tox>  1000  °C.  The  spontaneous 
values  M,  and  <!>,  are  close  to  that  of  pure  bulk  DylG  within 
experimental  accuracy  (—10%  for  magnetization  and  5%- 
10%  for  FR)  when  T„— 1100  ”C.  The  coercivity  of  the  oxi¬ 
dized  films  seems  to  decrease  as  Tox  increases.  This  may  be 
due  to  the  crystallization  of  larger  grains. 

All  these  results  show  that  the  synthesis  and  the  forma¬ 
tion  conditions  of  pure  DylG  from  oxidation  of  a  metallic 
Dy-Fe  film  are  very  sensitive  to  deviations  from  the  stoichio¬ 
metric  Dy/Fe=3/5  ratio  in  the  sputtered  film  (particularly  Dy 
excess),  resulting  either  from  the  target  composition  or  sput¬ 
tering  conditions.  Nevertheless,  oxidation  of  Dy3Fe5  films  to 
pure  DylG  can  be  achieved  for  T„>  1000  °C. 

The  magnetic  properties  of  a  1.95  fim  thick  DylG  film 
[Dy/Fe=0.55,  Prf=1.8  W/cm2,  /’A(=6X10"3  mbar. 

Tm=  1100  ”C  (10  h)]  are  presented  in  Fig.  3.  The  results  are 
in  good  agreement  with  data  obtained  on  bulk  DylG,14  par¬ 
ticularly  the  compensation  temperature  (7"comp=225  K) 
which  is  very  sensitive  to  inhomogeneities.2  The  coercive 
filed  He  is  strongly  temperature  dependent  only  in  the  vicin¬ 
ity  of  Tconp ,  and  has  nearly  the  same  value  at  4.2  and  300  K 
(650  Oe).  A  good  agreement  between  calculated  and  experi¬ 
mental  magnetization  data  (Fig.  3)  is  obtained  using  the 
Dionne-refined  Neel  model  of  ferrimagnetic  garnets. 1516 

The  temperature  variations  of  the  spontaneous  FR,  <!>„ 
(normalized  to  the  6  K  absolute  values)  at  three  wavelengths 
are  presented  in  Fig.  4.  At  300  K,  <J>j=350,  1000,  and 
31007cm  for  1152,  632.8,  and  543.5,  respectively.  <t>. 
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IV.  CONCLUSION 


Pure  garnet  DyjFe50|2  thin  films  are  synthesized  by  oxi¬ 
dizing  at  a  temperature  Tal,  between  800  and  1100  “C,  of  a 
sputtered  Dy-Fe  film  when  Dy/Fe=3j5  for  the  deposited 
film.  Sputtering  conditions  leading  to  an  excess  of  Dy  result 
in  a  shift  towards  1100  °C  of  the  formation  of  a  mixture  of 
preponderant  DylG  and  orthoferrite  DyFeO, 

The  magnetic  and  MO  properties  of  pure  DylG  films  are 
close  to  those  of  bulk  material,  particularly  the  compensation 
temperature  which  is  sensitive  to  inhomogeneities.  The  FR 
of  the  film  in  the  visible  range  is  strongly  influenced  by 
electric  dipolar  contributions  attributed  to  Fe34  transitions. 


FIG.  4.  Temperature  dependence  at  three  wavelengths:  1152,  632.8,  and 
543.5  tun,  of  the  spontaneous  Faraday  rotation  $>(r)/j$i{6  K)i  of  the  same 
DylG  thin  him.  Insert:  temperature  dependence  of  the  MO  coefficient  C,  of 
the  Dy  sub  lattice  at  1152  and  632.8  trm. 


changes  sign  at  Tamf=22S  K  confirming  the  magnetization 
results.  The  influence  of  the  wavelength  on  the  FR  is  best 
evidenced  for  T>150  K:  FR  increases  more  when  X  de¬ 
creases  at  constant  T.  This  temperature  zone  corresponds  to 
preponderant  contributions  from  the  Fe34  sublattices,  this 
may  be  related,  in  the  visible  range,  to  the  increasing  influ¬ 
ence  of  electric  dipole  transitions  in  the  Fe34  sublattices.1 14 
According  to  Crossley  ef  at. 17 

<D=A|Af,|+D|Afal  +  C|Afc|,  (1) 

A  =  -Ae-Am,  D=Dr+Dm ,  C=-Ce-C„,  (2) 


where  subscripts  e  and  m  refer,  respectively,  to  the  gyroelec- 
tric  and  gyromagnetic  contributions.  In  a  first  approximation, 
Am,  Dm,  and  Cm  are  constants  independent  of  temperature 
and  wavelength.14  Using  Eq.  (1)  with  A,  and  Dt  of  Ref.  2  at 
1152  and  632.8  nm  (543.5  nm  values  as  yet  not  determined), 
and  the  sublattice  magnetizations  previously  obtained  from 
the  Dionne  model,  the  temperature  variation  of  C,  was  de¬ 
duced  from  experimental  data  (Fig.  4).  At  low  temperature 
Ct( 632.8  nm)  is  —2.5  C,(1152  nm)  in  comparison  to  the 
corresponding  MO  coefficients  of  Fe34  (Ref.  2)  which  are 
multiplied  by  10. 
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Enhanced  coercivity  due  to  a  local  anisotropy  increase 

J.  A.  Jatau,  M.  Pardavi-Horvath,  and  E.  Della  Torre 
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In  most  of  the  cases,  a  local  wall  energy  decrease,  usually  associated  with  defects,  leads  to  domain 
wall  pinning.  Another  mechanism  for  coercivity  is  to  create  local  maxima  in  the  anisotropy  energy 
It  is  observed  that  in  epitaxial  garnet  crystals,  locally  enhanced  anisotropy  due  to  stress  arising  from 
iridium  inclusions  embedded  in  the  substrate  is  the  source  of  coercivity.  By  modifying  our  previous 
energy  barrier  model,  the  coercivity  has  been  calculated  as  a  function  of  the  size  and  position  of  the 
iridium  inclusions  in  the  substrate.  It  is  shown  that  the  coercivity  varies  nonlinearly  with  inclusion 
size  and  depth  in  the  substrate  material,  in  agreement  with  experimental  observation. 


INTRODUCTION 

Localized  stresses  and  inclusions  in  an  otherwise  perfect 
material  lead  to  localized  changes  in  the  anisotropy  and  ex¬ 
change  energies  and  thus  to  a  position  dependence  of  the 
domain  wall  energy.  One  of  the  sources  of  the  anisotropy  in 
magnetic  materials  is  connected  with  the  existence  of  the 
magnetostriction.  Depending  on  the  sign  of  the  magnetostric¬ 
tion  X, ,  the  same  stress  a,  can  lead  either  to  a  local  decrease 
or  increase  in  the  anisotropy  energy 

-(3/2)<rXs .  (1) 

This  was  the  basis  for  the  one-dimensional  energy  barrier 
micromagnetic  model  that  was  developed  to  compute  the 
coercivity  of  domain  wall  motion  in  magnetic  media.1  In  that 
study,  it  was  assumed  that  the  local  increase  in  the  domain 
wall  energy  was  due  to  the  inclusions  in  the  magnetic  mate¬ 
rial;  however,  there  are  materials  in  which  no  inclusion  is 
associated  with  the  energy  barrier.  This  is  the  case  for  the 
stress-induced  anisotropy  energy  increase,  when  the  source 
of  the  localized  stress  is  not  an  inclusion  inside  the  magnetic 
medium  but  in  the  substrate  supporting  that  medium.  Then, 
only  the  stress  field  interacts  in  the  magnetic  material.  Now 
the  theoretical  treatment  is  simple,  as  only  the  stress  field  has 
to  be  taken  into  account  rather  than  the  additional  effects  of 
nonmagnetic  inclusions. 

EXPERIMENTS 

The  repulsion  of  domain  walls  by  the  stress  field  origi¬ 
nating  in  the  substrate  has  been  observed  in  single  crystalline 
epitaxial  garnet  crystals  of  substituted  Y3Fe5012  (YIG) 
grown  on  nonmagnetic  Gd3Ga5012  (GGG)  substrates.2  In  the 
process  of  growth  the  bulk  GGG  thin  iridium  flakes  in  the 
form  of  triangular  or  hexagonal  platelets,  originating  from 
the  crucible  material,  are  trapped  in  the  growing  crystal.  The 
lateral  size  of  these  inclusions  is  typically  on  the  order  of 
10-100  /zm.  On  cooling  the  crystal,  a  strong  stress  field  is 
formed  around  the  inclusions  due  to  the  difference  in  thermal 
expansion  of  iridium  and  GGG.3  The  stress  is  given  by 

E 

<r=  -  _  -  AorAr=0.5  GN  m  2,  (2) 

where  E  is  the  Young  modulus  of  elasticity  in  the  YIG,  v  is 
the  Poisson  ratio,  Aar  is  the  difference  in  thermal  expansion 
between  the  GGG  and  iridium,  and  AT  is  the  temperature 


difference  between  the  melting  point  of  GGG  and  room  tem¬ 
perature.  For  this  material  these  parameters  are 
a,,=7.8x  10  6  K"  *,  aGGG=9  <13*  10  b  K  ',  and  AT  =  1 400 
K.  The  iridium  platelet  exerts  a  compressive  stress  on  the 
GGG,  i.e..  tr>0.  The  substrate  is  typically  4<X)  /zm  thick,  and 
the  YIG  film  thickness  is  in  the  range  of  several  /zm.  The 
stress  field  created  by  iridium  propagates  into  the  epitaxial 
YIG  film,  locally  influencing  its  properties. 

YIG  has  negative  magnetostriction  that  combined  with 
the  positive  stress  produces  a  stress-induced  anisotropy  on 
the  order  of  1.5X  1 0 '  J/m3,  considerably  increasing  the  origi¬ 
nal  growth  induced  uniaxial  anisotropy  of  1 X 103  J/m3  in  the 
magnetic  film.  It  was  observed  experimentally  that  the  lo¬ 
cally  increased  domain  wall  energy  results  in  the  repulsion  of 
the  domain  walls  from  defects,  as  shown  in  Fig.  1 .  On  this 
microphotograph,  taken  in  a  polarizing  microscope  using  the 
Faraday  effect  with  transmitted  light,  the  iridium  inclusion  in 
the  substrate  can  be  seen,  as  can  the  stress  field  in  the  epi¬ 
taxial  film.  When  an  external  magnetic  field  is  applied  nor¬ 
mal  to  the  film  plane,  a  few  domains  can  be  seen  at  an 
equilibrium  distance  from  the  maximum  of  the  stress  field, 
that  is  located  above  the  iridium  inclusion.  These  domains 
are  repelled  by  the  defects  according  to  the  locally  enhanced 
domain  wall  energy,  since  there  is  no  inclusion  in  the  mag¬ 
netic  material  associated  with  the  stress,  and  thus  no  direct 
contribution  to  the  coercivity  through  an  inclusion  mecha¬ 
nism.  Only  the  stress  field  due  to  the  inclusion  in  the  sub¬ 
strate  penetrates  into  the  magnetic  film. 

The  distribution  in  size  and  depth  in  the  GGG  of  more 


FIG.  t.  Microphotograph  in  polarized  light  of  a  5  um  thick  epitaxial  YIG 
him.  Iridium  inclusions  in  the  GGG  substrate  and  light  contrast  due  to  their 
stress  field  ir  the  magnetic  film  can  be  seen  together  with  magnetic  domains 
repelled  bv  the  local  increase  of  the  wall  energy  at  maximum  stress. 
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than  a  hundred  of  iridium  inclusions  was  measured  in  a  po¬ 
larizing  microscope  and  a  qualitative  evaluation  of  the 
strength  of  the  repulsion  between  the  stress  field  and  the 
domain  walls  was  performed.  As  can  be  expected,  the  results 
showed  that  the  deeper  the  inclusion  the  weaker  is  its  effect 
on  coercivity;  and  the  coercivity  increases  with  the  size  01 
the  inclusion. 


THE  MODEL 

Our  previous  model  of  enhanced  coercivity  due  to  local 
anisotropy  increase1  has  been  modified  to  include  the  stress- 
induced  anisotropy  in  the  magnetic  garnet  film,  originating  in 
the  substrate  at  iridium  inclusions.  The  model  solves  for  the 
equilibrium  magnetization  distribution  by  minimizing  the  en¬ 
ergy  given  by 

E=j  {A(VM,)2  +  KU  sin2  6- M  cos  8 


+  figM1  cos2  8}dx,  (3) 

where  A  is  the  exchange  constant,  K „  is  the  uniaxial  anisot¬ 
ropy  constant,  H  is  the  applied  field,  M  is  the  magnetization, 
and  8  is  the  angle  the  magnetization  makes  with  the  easy 
axis.  The  resulting  Euler-Lagrange  equation  is  discretized  to 
give  the  following  solution  for  the  magnetization  angle, 
which  is  then  solved  numerically: 

0(*+l)  +  <M*-l)  *2sin0 

*(*)  = - j - 


X 


(Ku-hoM2)cos 


.  HoHM] 

*+-r~  ’ 


(4) 


where  h  is  the  lattice  spacing  in  the  discretization  of  the 
problem.  The  problem  is  then  solved  using  the  Gauss-Seidel 
technique.  Because  of  the  stiffness  of  the  equations,  a  mode 
pushing  technique4  was  used  to  accelerate  the  convergence 
of  the  solution. 

The  following  equation  was  used  to  represent  the  varia¬ 
tion  of  the  anisotropy  in  the  energy  barrier: 


K(x)=K*\ 


i+l-r 


*3+r 


(5) 


where  Kl  is  the  growth  induced  anisotropy,  d  is  the  size 
(diameter)  of  the  iridium  inclusion  and  l  is  its  depth  in  the 
substrate,  x  is  the  magnitude  of  the  distance  from  the  inclu¬ 
sion  in  the  direction  of  the  wall  motion,  and  ( is  a  parameter 
chosen  to  represent  the  height  of  the  anisotropy  barrier.  Fig¬ 
ure  2  illustrates  the  geometry  of  the  model.  The  form  of  Eq. 
(5)  reflects  the  distribution  of  the  dipole  stress  field  from  a 
localized  source.5 


RESULTS  AND  DISCUSSION 

In  order  to  describe  the  dependence  of  coercivity  on  the 
size  of  the  iridium  inclusion  and  its  depth  in  the  GGG  sub 
strate,  we  used  our  model  to  compute  the  coercivity  at  vari¬ 
ous  depths  in  the  substrate,  and  also  for  various  sizes  of  the 
inclusion.  Figure  3  shows  the  variation  of  the  coercivity  with 
the  depth  of  the  iridium  inclusion  in  the  substrate  for  an 


FIG.  2.  A  geometric  model  of  the  YIG  film/GGG  substrate  arrangement 
with  the  iridium  inclusion,  showing  the  nature  of  stress  held  distribution 


inclusion  size  of  10  and  40  pun  The  coercivity  is  found  to 
increase  with  increasing  size  of  the  inclusion  and  with  de¬ 
creasing  depth  in  the  substrate.  The  relationship  is  nonlinear, 
and  may  be  approximated  by  the  cube  of  the  reciprocal  depth 
of  the  iridium  inclusion  in  the  substrate.  This  observation  is 
in  agreement  with  experimental  observation,  thus  validating 
the  choice  of  our  model.  When  computing  the  coercivity  as  a 
function  of  the  inclusion  size,  the  classical  case  is  observed 
where  the  coercivity  increases  to  a  maximum  when  the  do¬ 
main  wall  width  is  on  the  order  of  magnitude  of  the  inclusion 
size;  with  further  increase  in  the  size  of  the  inclusion  the 
coercivity  decreases.  This  can  be  seen  in  Fig.  4,  where  the 
dependence  of  the  coercivity  on  the  size  of  the  inclusion  is 
shown  for  the  two  cases  where  the  inclusion  is  located  100 
and  300  pun  deep  in  the  substrate,  respectively.  It  is  seen  that 
the  coercivity  increases  with  decrease  in  the  depth  of  the 
iridium  inclusion  in  the  substrate.  Figure  $  illustrates  a  three- 
dimensional  plot  of  coercivity  as  a  function  of  both  the  size 
of  the  iridium  inclusion  and  its  depth  in  the  substrate.  It  also 
shows  the  case  where  the  iridium  is  almost  on  the  surface  of 
the  substrate,  corresponding  to  the  case  where  /  approaches 
zero  in  Eq.  (5),  and  thus  the  maximum  coercivity  depends 
very  sTongly  only  on  the  inclusion  size  d.  It  is  seen  that  there 
appears  to  be  no  significant  increase  in  the  coercivity  when 
the  depth  of  the  iridium  in  the  substrate  is  greater  than  100 


FIG.  3.  A  plot  of  coercivity  vs  depth  of  iridium  iodusioo  in  the 
GGG  substrate. 
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FIG.  4.  A  ploi  of  cocrcivity  vs  size  of  iridium  inclusion;  Hantl 
=  356.73  A/m. 

/j,m.  Similarly,  the  effect  on  the  coercivity  is  more  pro¬ 
nounced  when  the  size  of  the  inclusion  is  less  than  about  50 
(im.  As  the  size  of  the  inclusion  and  its  depth  in  the  substrate 
is  increased,  there  is  gradual  decrease  in  the  coercivity. 

CONCLUSIONS 

Experimental  evidence  is  given  for  a  possible  mecha¬ 
nism  to  control  the  coercivity  through  a  localized  increase  of 
the  domain  wall  energy.  In  the  case  of  epitaxial  substituted 
magnetic  garnet  films  the  origin  of  the  effect  is  in  the  stress- 
induced  anisotropy  due  to  an  iridium  inclusion  in  the  sub¬ 
strate  material  rather  than  in  the  magnetic  film  itself.  The 
cause  for  the  stress  is  in  the  difference  in  the  thermal  expan¬ 
sion  of  iridium  and  GGG.  A  numerical  model  of  the  energy 


FIG.  5.  A  three-dimensional  view  of  coercivity  vs  the  size  of  iridium  inclu¬ 
sion  and  its  depth  in  GGG  substrate. 

barrier  mechanism  of  coercivity  has  been  applied  to  describe 
the  effect.  Similar  stress-induced  effects  should  be  taken  into 
account  whenever  a  coercivity  mechanism  related  to  inclu¬ 
sions  of  foreign  phases  is  considered. 
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The  microwave  absorbing  characteristics  and  resonance  of  Y-type  hexagonal  ferrite-rubber 
composites  were  investigated.  The  complex  permeability  and  permittivity  of  Ni2_1ZniY  ferrite 
bodies  were  measured  using  a  network  analyzer  in  the  frequency  range  of  200  MHz-14  GHz.  Two 
types  of  resonance,  the  domain  wall  and  the  spin  rotational  resonance,  were  observed.  With  a  ferrite 
particle  with  a  diameter  of  about  1  /im,  only  spin  rotational  resonance  was  observed.  The  first 
matching  frequency,  found  in  the  ferrite -rubber  composites,  which  was  higher  than  that  of  spin 
rotational  resonance,  increased  with  spin  rotational  resonance  frequency.  It  was  also  found  that 
domain  wall  resonance  had  no  effects  on  the  microwave  absorbing  characteristics.  Based  on  these 
findings,  it  could  be  concluded  that  the  microwave  absorbing  characteristics  were  caused  by  only 
one  type  of  resonance,  the  spin  rotational  resonance. 


I.  INTRODUCTION 

In  developing  the  ferrite  microwave  absorber,  the  micro- 
wave  absorbing  characteristics,  such  as  the  matching  fre¬ 
quency,  matching  thickness,  and  band  width,  have  been 
evaluated  during  the  last  two  decades.  These  microwave  ab¬ 
sorbing  characteristics  are  influenced  by  the  complex  perme¬ 
ability  and  permittivity.  Since  the  complex  permittivity  of  a 
ferrite  absorber  is  constant  in  the  GHz  frequency  region,  the 
microwave  absorbing  characteristics  strongly  depend  on  the 
resonance  phenomena  of  the  ferrite  body.1  The  research 
about  the  resonance  phenomena  of  ferrites  has  been  exten¬ 
sively  studied  and  described  by  domain  wall  motion,  spin 
resonance,  etc.2  But  little  work  has  been  done  on  the  rela¬ 
tionship  between  the  microwave  absorbing  characteristics 
and  resonance  phenomena  of  ferrites. 

The  purpose  of  this  study  was  to  investigate  the  effect  of 
the  resonance  phenomena  on  the  microwave  absorbing  char¬ 
acteristics  of  Nij-.jZn.Y-rubber  composites. 


II.  EXPERIMENTS 

Y-type  hexagonal  ferrites,  Nij-^Z^Y  (Ba2Ni2_, 
Zn^Fe^Oja),  were  prepared  by  the  conventional  ceramic  pro¬ 
cess.  The  starting  materials  (BaC03,  NiO,  ZnO,  and 
<*-Fe203)  were  stoichiometricaUy  weighed,  ball  milled  in  wa¬ 
ter  for  10  h,  dried,  and  then  synthesized  at  1150  and  1300  °C 
for  3  h  in  air  to  produce  aggregated  Ni2_rZn,Y  ferrite  pow¬ 
ders.  Ni2_,Zn,Y  powders  were  obtained  by  milling  the  ag¬ 
gregated  Ni2_,Zn,Y  powders.  The  phase  and  particle  size  of 
the  prepared  Ni2_JtZnIY  powders  were  characterized  by 
x-ray  diffraction  (XRD)  and  scanning  electron  microscopy 
(SEM),  respectively.  Sintered  Ni2_,Zn,Y  ferrites  and 
Ni2_lZntY-rubber  composites  were  prepared.  The  shape  of 
each  specimen  was  toroidal.  Ni^Zo.Y-rabber  composites 
were  obtained  by  mixing  Ni2_,ZntY  powders  with  silicone 
rubber  in  a  weight  ratio  (weight  of  ferrite/weight  of  rubber) 
of  4.  This  weight  ratio  is  equivalent  to  43  in  the  ferrite  vol¬ 


ume  percent.  The  sintered  jZn,,  5Y  body  was  prepared  by 

sintering  the  green  compact  at  1300  °C  for  3  h  in  air. 

The  scattering  parameters  (5,  1'  ^2t)  of  the  toroidally 
shaped  sintered  ferrite  and  ferrite-rubber  composites  (outer 
diameter=7.0  mm,  inner  diameter=3.0  mm)  were  measured 
using  a  Hewlett-Packard  8720B  network  analyzer.  The  scat¬ 
tering  parameters  were  measured  in  the  frequency  range  of 
200  MHz- 14  GHz,  and  the  complex  permeability  and  per¬ 
mittivity  were  determined  from  the  measured  scattering 
parameters.3 

III.  RESULTS  AND  DISCUSSION 

The  complex  permeability  spectra  of  Ni^Zn^Y  com¬ 
posites  is  shown  in  Fig.  I.  TWo  types  of  resonance  were 
observed  in  the  ferrite  composites.  These  resonance  phenom¬ 
ena  were  due  to  the  domain  wall  resonance  (frI)  at  lower 
frequency  and  the  spin  rotational  resonance  (fr2)  at  higher 
frequency.  No  effect  of  Zn  content  on  variation  of  the  do¬ 
main  wall  resonance  was  found  in  the  complex  permeability 
spectra.  It  was  observed,  however,  that  the  spin  rotational 
resonance  frequency  was  shifted  toward  lower  frequency 
with  increasing  Zn  content. 

For  spin  rotation,  general  model  is  the  Snoek  one4  which 
predicts  the  resonance  frequency  given  by 

/V=(y/2rr)H„  (1) 

where  y  is  a  gyromagnetic  ratio,  Ha  is  the  anisotropy  field 
and  f,  is  the  spin  rotational  resonance  frequency  of  material. 
Equation  (1)  indicates  that  the  spin  rotational  resonance  de¬ 
pends  on  the  anisctropic  field.  Smit  and  Wijn5  reported  that 
the  anisotropy  field  of  Ni2Y  and  Zn2Y  at  room  temperature 
was  14  000  and  9000  Oe,  respectively.  Thus,  decreasing  the 
spin  rotational  resonance  frequency  with  increasing  Zn  con¬ 
tent  (See  Fig.  1)  indicates  that  the  anisotropy  becomes 
smaller  as  the  Zn  content  increases. 

In  order  to  investigate  the  effect  of  particle  size  on  the 
complex  permeability  of  the  Ni2_TZn,Y-rubber  composites, 
Ni2_,Zn,Y  powders  were  synthesized  at  different  tempera- 
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FIG.  1.  Frequency  dependence  of  the  complex  permeability  of 
N^^Zn.Y-rubber  composites  (synthesizing  temperature =1300  °C). 


tures.  The  particle  size  of  ferrite  powder  synthesized  at 
1300  °C  was  about  4-5  /rm.  On  the  other  hand,  a  majority  of 
the  particles  synthesized  at  1150  °C  were  smaller  than  1  ftm. 
Figure  2  represents  the  complex  permeability  spectra  of  the 
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FIG.  2.  Frequency  dependence  of  the  complex  permeability  of  sintered 
Ni,  jZuqjY  and  Nij^ZaojY-rtAber  composites  with  different  synthesizing 
teaperamies. 


FIG.  3.  The  complex  permeability  locus  of  Ni, ^Zu^Y-rubber  composites 
with  different  synthesizing  temperatures  on  the  impedance  matching  solu¬ 
tion  map  (tan  St=0.02). 


sintered  Nit ^Zog^Y  body  and  Ni,5Zn,l5Y -rubber  compos¬ 
ites.  The  complex  permeability  of  sintered  ferrite  is  higher 
than  that  of  ferrite  composite,  because  ferrite  particles  in 
ferrite-rubber  composites  are  covered  with  a  thin  nonmag¬ 
netic  layer  of  rubber.  From  the  complex  permeability  spectra 
of  the  sintered  Ni^Zito^Y  and  Ni,  5Zn0  .;Y-rubber  compos¬ 
ite  containing  ferrite  powder  synthesized  at  1300  °C,  one 
sees  both  domain  wall  resonance  and  spin  rotational  reso¬ 
nance.  However,  the  composite  containing  ferrite  powder 
synthesized  at  1150  °C  shows  spin  rotational  resonance  only. 
This  behavior  is  probably  due  to  the  particles  being  suffi¬ 
ciently  small  to  approach  single  domain  characteristics  so 
that  only  spin  rotations  can  occur. 

For  a  microwave  absorbing  layer  backed  by  a  metal 
plate,  the  normalized  input  impedance  ( Zm )  at  the  absorber 
surface  is  given  by 

Za=  1  =  vW*r  tanh[/(2rr/c)  fd],  (2) 

where  nr  is  the  complex  permeability  tr  is  the 

complex  permittivity  (e'  -jf"),  c  is  the  velocity  of  light,  / 
is  the  frequency,  and  d  is  the  thickness  of  the  absorber.  This 
equation  is  called  the  zero  reflection  condition  for  an  ab¬ 
sorber.  Naito  and  Suetake1  constructed  the  impedance  match¬ 
ing  solution  map  for  zero  reflection  in  the  case  of  no  dielec¬ 
tric  loss  (tan  <S,=0).  Musa]  and  Hahn6  extended  this  work  to 
the  lossy  dielectric  case. 

To  illustrate  the  use  of  the  impedance  matching  solution 
map,  the  complex  permeability  of  NiuZn^Y-rubber  com¬ 
posites  is  plotted  in  the  map  as  shown  in  Fig.  3.  The  imped¬ 
ance  matching  solution  map  for  tan  <$,=0.02  is  applicable 
since  the  real  parts  of  the  permittivity  (<£)  of  the  specimens 
are  constant  at  7  and  e"=0.14  in  the  200  MHz-14  GHz 
frequency  range.  The  matching  points  are  found  along  the 
line  of  t'r  =7  on  the  map  because  the  real  parts  of  permittiv¬ 
ity  of  these  specimens  are  7.  For  Ni^ZnojY-rubber  com¬ 
posite  containing  ferrite  powder  synthesized  at  1150  °C,  two 
matching  points  are  found.  One  occurs  at  4.7  GHz  {fd = 19.3 
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TABLE  I.  The  resonance  frequency  and  the  microwave  absorbing  charac¬ 
teristics  of  Ni2  _,Zn,  Y-rubber  composites. 


Synthesizing  temperature^  1150  °C 

Resonance  Matching  Matching 


Composition 

frequency  (GHz) 

frequency  (GHz) 

thickness  (mm) 

f.t 

Sri 

fml 

f  ml 

4., 

4.2 

Ni2Y 

5.0 

5.9 

8.8 

4.0 

3.3 

Ni.jZHuY 

4.1 

4.7 

11.1 

4.1 

3.0 

NiZnY 

4.1 

4.5 

12.1 

4.1 

2.8 

NiosZn.jY 

3.9 

4.3 

12.2 

4-3 

2.8 

Zn2Y 

3.0 

3.6 

10.9 

4.9 

3.1 

Synthesizing  temperature 

=  1300°C 

NUY 

1.2 

6.4 

8.9 

3.1 

Nii.5Zn„SY 

1.2 

5.0 

5.6 

12.2 

3.7 

2.6 

NiZnY 

1.2 

4.8 

4.9 

12.7 

4.0 

2.6 

NiosZn.aY 

1.2 

4.8 

4.9 

13.5 

4.2 

2.4 

Zn2Y 

1.2 

3.0 

3.0 

11.8 

5.9 

2.7 

GHz  mm)  and  the  other  at  11.1  GHz  (fd~ 33.3  GHz  mm). 
Therefore,  the  first  and  second  matching  thickness  are  pre¬ 
dicted  to  be  4.1  mm  ( dnl )  and  3.0  mm  (dm2),  respectively.  It 
is  determined  that  f  m  i  is  5.6  GHz  and  fm2  is  12.2  GHz  for 
NiuZn,jj  Y-rubber  composite  containing  ferrite  powder  syn¬ 
thesized  at  1300  °C.  Thus,  the  matching  thicknesses  are  also 
predicted  to  be  3.7  and  2.6  mm.  The  reflection  loss  (dB)  is  a 
function  of  Zm,  and  the  reflection  loss  of  the  microwave 
absorber  can  be  calculated  at  given  /  and  d  using  Eq.  (3): 

Reflection  loss(dB)  =  20  log|(Zta- l)/(Zin+ 1)|.  (3) 

The  results  of  the  resonance  frequency  observed  from 
the  complex  permeability  spectra  of  Ni2_,ZnxY-rubber 
composites  and  the  matching  frequencies  and  thicknesses 
calculated  from  Eqs.  (2)  and  (3)  are  summarized  in  Table  I. 
The  calculated  matching  frequencies  and  thicknesses  are  in 
good  agreement  with  the  prediction  values  from  the  imped¬ 
ance  matching  solution  map.  As  shown  in  Table  I,  the  spin 
rotational  resonance  frequency  (fr2)  and  the  first  matching 
frequency  (fmt)  decreases  with  Zn  content.  And,  despite  the 
absence  of  the  domain  wall  resonance,  two  impedance 
matching  phenomena  were  still  observed. 

Figure  4  represents  the  relation  between  the  spin  rota¬ 
tional  resonance  frequency  (fr2)  and  the  first  and  second 
matching  frequency  of  various  ferrite-rubber  composites. 
This  figure  shows  that  the  first  matching  frequency  (/„,)  is 
higher  than  that  of  the  spin  rotational  resonance.  The  first 
matching  frequency  of  the  ferrite  microwave  absorber  is  pro¬ 
portional  to  its  spin  rotational  resonance  frequency,  whereas 
the  second  matching  frequency  is  independent  of  spin  rota- 
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FIG.  4.  The  relation  between  the  spin  rotational  resonance  frequency  ifr2) 
and  the  first  and  second  matching  frequency  (fmi  and  fm2)  of  various 
ferrite-rubber  composites. 

tional  resonance  frequency.  From  the  results  of  Table  1  and 
Fig.  4,  it  could  be  concluded  that  the  domain  wall  resonance 
does  not  seem  to  affect  microwave  absorbing  phenomena, 
and  the  impedance  matching  phenomena  of  ferrite  micro- 
wave  absorbers  result  from  spin  rotational  resonance  only. 

IV.  CONCLUSION 

It  was  found  that  the  first  matching  frequency,  which 
was  always  higher  than  that  of  the  spin  rotational  resonance, 
increased  with  the  spin  rotational  resonance  frequency.  It 
was  also  found  that  the  domain  wall  resonance  did  not  seem 
to  affect  the  microwave  absorbing  phenomena,  and  the  mi¬ 
crowave  absorbing  phenomena  occurred  by  spin  rotational 
resonance  only. 
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The  present  authors  found  that  Mn-Zn  ferrites  containing  Er203  had  improved  values  of  as  (specific 
magnetization)  and  amplitude  permeability.  Samples  with  different  addition  amount  of  Er203  were 
sintered  at  1180  °C.  The  results  show  that  Er203  addition  from  0.02  to  0.1  wt  %  causes  the 
amplitude  permeability  to  increase  from  1070  to  2180.  The  magnetization  can  be  increased  from 
91.6  to  92.8  emu/g  within  the  range  0.02-0.1  wt  %.  Furthermore,  the  effect  of  Er203  addition  was 
investigated  in  detail  by  power-loss  analysis  and  scanning  electron  microscopy  examination  of 
microstructure.  We  found  that  samples  with  Er203  less  than  0.04  wt  %  exhibit  power  loss  - '  -  'o 
the  sample  without  Er203  addition  and  with  Si02-CaO  contents.  Thus  we  cone’ 
amplitude  permeability  and  specific  magnetization  of  Mn-Zn  ferrites  for  high-frt.  .j 

high-power  use  were  improved  by  a  small  Er203  addition  (<0.04  wt  %). 


I.  INTRODUCTION 

Recently,  many  efforts  have  been  made  in  developing 
low-power-loss  materials  of  Mn-Zn  ferrites  at  high  fre¬ 
quency,  in  accordance  with  the  demand  for  miniaturization 
of  electrical  devices.1"3  Therefore,  many  efforts  have  been 
made  in  developing  fine  grain  Mn-Zn  ferrites.  The  higher 
the  frequency,  the  smaller  the  grain  size.  However,  the  am¬ 
plitude  permeability  and  saturation  magnetization  were  low¬ 
ered  inevitably  due  to  the  demand  of  small  grain  size  and 
high  resistivity.  Because  there  are  few  reports  about  the  ef¬ 
fects  of  rare-earth  metal  oxides  on  the  Mn-Zn  ferrites  for 
high-power  use,  the  present  authors  examined  the  addition 
effects  of  various  rare-earth  metal  oxides  on  low-loss 
Mn-Zn  ferrites  in  order  to  resolve  the  above-described  prob¬ 
lem.  This  paper  is  intended  to  present  the  effect  of  addition 
of  Er203  on  physical  properties  and  the  microstructure  of 
low  loss  Mn-Zn  ferrites. 

Generally,  the  power  loss  PB  of  ferrite  materials  is  given 
by  the  summation  of  hysteresis  loss  Pk ,  eddy  current  loss 
P, ,  and  residual  loss  P, .  Ph  and  Pr  are  given  as 

Ps-WJ, 

Pe=cd*f2Bl/p, 

where  is  the  energy  equivalent  to  the  area  of  the  dc  B-H 
hysteresis  loop  measured  under  the  same  maximum  flux  den¬ 
sity  as  in  the  power-loss  measurement,  f  the  frequency,  d  the 
dimension  of  the  circuit  of  eddy  current,  Bm  the  maximum 
flux  density,  p  the  electrical  resistivity,  and  c  the  coefficient 
related  to  the  dimension  of  the  circuit  of  the  eddy  current. 
The  residual  loss  is  caused  by  the  delay  in  magnetization 
equilibrium.  In  this  paper,  eddy  current  loss  is  interpreted  as 
including  residual  loss. 

N.  EXPERIMENT 

Samples  of  Mn072Zn022Fe206O4  are  prepared  by  wet 
mixing  FhyOy,  MnC03,  ZnO,  and  Er203,  and  then  drying 


and  calcining  at  900  °C  in  air.  The  resulting  )  -  vders,  plus 
optimum  CaO-Si02,  are  milled  in  water  for  4<  min  After 
drying,  the  powders  are  granulated  through  a  40-mes.i  sieve 
and  pressed  into  toroids.  A  computer-controlled  tube  t  race 
was  used  to  regulate  both  firing  temperature  and  oxygen  Par 
tial  pressure.  The  samples  were  sintered  at  1 1 80  °C  for  3  h 
and  atmospheric  conditions  were  controlled  during  cooling 
to  maintain  spinel  phase  equilibrium. 

The  power  loss  and  amplitude  permeability  were  mea¬ 
sured  by  an  apparatus  made  by  the  Ryowa  Company.  That  is 
to  say,  power  loss  was  obtained  by  computing  the  digital  data 
of  primary  exciting  current  and  secondary  induced  voltage 
detected  from  coils  wound  around  a  toroidal  core  under  sinu¬ 
soidal  excitation.  The  test  frequencies  were  from  100  kHz  to 
2  MHz  sine  waves.  Specimens  were  placed  in  a  oven  so  that 
its  temperature  could  be  controlled.  Hysteresis  loss  was  ob¬ 
tained  by  calculating  the  area  surrounded  by  the  B-H  loop, 
which  was  measured  using  a  dc  B-H  loop  tracer. 

The  resistivity  of  the  materials  was  measured  by 
HP3478A.  The  specimen  was  9  mm  in  diameter  and  4  mm 
long,  and  both  ends  were  indium  gallium  coated  as  an  elec¬ 
trode.  Scanning  electron  microscopy  and  EDAX  were  used 
to  observe  the  microstructure  and  addition  effect. 

III.  RESULTS  AND  DISCUSSION 
A.  Er203-added  Mn-Zn  fwrltM 

In  order  to  investigate  the  effect  of  Er203  addition  on  the 
spinel  matrix  of  Mn-Zn  ferrites,  samples  with  various  Er203 
content  were  prepared.  Table  1  shows  the  static  characteris¬ 
tics  of  the  Mn072Zn022Fe206O4  containing  0-0.12%  Er203. 
It  is  obvious  that  the  effect  of  additions  refers  to  the  increase 
in  p  and  <r,  from  0.02  to  0.1  wt  %.  The  increment  of  p  is 
most  effective  for  lowering  Pt .  Therefore,  it  causes  a  de¬ 
crease  in  power  loss  measured  at  500  kHz  and  50  mT.  Table 
I  also  shows  that  the  specific  magnetization  can  be  raised 
within  this  range  of  addition.  Meanwhile,  a  similar  effect  is 
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TABLE  L  Static  characteristic!  for  samples  containing  Er,0, 


ErjOj  (wt  %) 

0 

0.02 

0.04 

Q.Q8 

0.10 

0.12 

Sintered  density  (|/cm3) 

4.91 

4.90 

4.89 

4.85 

4.84 

4.80 

dc  p  (fl  cm) 

1.2 

33.6 

9! 

149 

266 

304 

Power  loss'  (nWM1) 

3600 

2030 

1974 

1460 

953 

500 

a,  (ean/g) 

91.6 

91.8 

92J 

92.8 

91.9 

91.0 

Amplitude  permeability 

1070 

1150 

1112 

1450 

2000 

2180 

‘At  300  kHz,  30  mT,  RT 


TABLE  II.  Sulic  characteristics  for  samples  containing  SKT-CeO-Er-CT, 


EtjO,  (wt  %) 

0 

0.02 

0.04 

0.06 

0.08 

0.10 

0.12 

Sintered  density  (g/cm3) 

4.75 

4.77 

4.77 

4.78 

4.81 

4.81 

4.80 

dc  p  (D  an) 

1200 

1230 

1200 

1130 

1100 

810 

468 

Power  loss*  (rnW/cm3) 

200 

200 

205 

250 

333 

368 

410 

<r,  lemu/g) 

91.7 

91.8 

91.8 

92.1 

92.5 

91.2 

88.0 

Amplitude  permeability 

1450 

1478 

1660 

1650 

1640 

1605 

1600 

*AI  500  kHz,  50  mT,  RT. 


observed  for  the  value  of  amplitude  permeability.  It  is  pre¬ 
sumed  that  the  increase  in  amplitude  permeability  is  re¬ 
garded  to  originate  from  the  change  in  the  temperature  de¬ 
pendence  of  *,  or  the  magnitude  value  of  k,  itself  by  the 
addition  of  Er203. 

The  ion  radius  of  Er  is  0.88  A.  It  is  larger  than  the  radius 
of  sublattice  sites  in  the  crystal  structure  of  Mn-Zn  ferrites. 
Although  the  maximum  solubility  of  Er203  in  Mn-Zn  fer¬ 
rites  is  about  0.5-0.8  wt  %  according  to  Ref.  4,  it  is  believed 
that  when  the  content  of  Er203  is  less  than  the  maximum 
solubility  limit,  Er203  is  thought  to  be  not  completely  dis¬ 
solved  in  the  Mn-Zn  ferrites.  In  other  words,  the  electrical 
resistivity  of  Mn-Zn  ferrites  is  expected  to  be  increased  by 
raising  the  electrical  resistivity  of  the  grain  boundary  due  to 
the  segregation  of  Er203.  Furthermore,  it  is  found  that  the 
influence  of  &2O3  addition  on  electrical  resistivity  is  not 
related  to  the  reduction  of  grain  size  (Fig.  1).  Thus,  the  varia¬ 
tion  of  sintering  density  with  Er203  content  shown  in  Table  I 
seems  to  be  closely  related  to  the  grain  boundary  condition. 
Therefore,  Fig.  1  shows  that  the  higher  the  electrical  resis¬ 
tivity,  the  lower  the  eddy  current  becomes  and  the  smaller  Pr 
becomes. 

B.  SlOj-CnO-ErjOz  added  Mn-Zn  ferrite* 

The  addition  of  SiOa  and  CaO  is  known  to  raise  p  of 
Mn-Zn  ferrites  for  high-power  use.  Therefore,  Table  II 
shows  the  variation  of  static  characteristics  of  the  Mn-Zn 
ferrites  coadded  with  0.04  wt  %  Si02  and  0.08  wt  %  CaO 
and  various  Hr203  contents.  As  compared  with  the  samples 
with  Etj03  addition  and  without  Si02-CaO  addition,  it  is 


ElO.  1.  Vviatiea  of  gnu*  tize  and  PJP,  with  ErjOj  content. 


remarkable  that  p  is  further  increased.  But  when  p  reaches  a 
maximum  value,  it  then  decreases  significantly  with  further 
increasing  Er203  content.  We  also  find  that  the  effect  of 
Er203  addition  on  specific  magnetization  and  amplitude  per¬ 
meability  of  the  spinel  matrix  is  still  positive,  as  shown  in 
Table  II. 

In  order  to  observe  the  microstructure  of  ferrites  coadded 
with  Er203  and  Si02-CaO,  Fig.  2  shows  the  scanning  elec¬ 
tron  micrographs  for  samples  containing  0,  0.04,  and  0.1 
wt  %  Er203,  respectively.  The  average  grain  size  becomes 
smaller  when  the  Er203  content  is  gradually  increased.  Both 
effects  of  Si02-CaO  addition  and  reduction  of  grain  size 
increase  the  electrical  resistivity  of  Mn-Zn  ferrites  contain- 


F1G.  1  Effect  of  EijOj  content  on  power  loss  between  ssmptes  with  snd 
without  StO—CsO 
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FIG  3.  Scanning  electron  micrograph  for  samples  coadded  with 
SiOj-ChO-ErjO,  and  sintered  at  1)80  *C  for  3  b.  (A)  0  wt  %;  (B)  0.04 
wt  %;  (O  0.1  wt  %  EijO,. 

ing  Er203.  Therefore,  Fig.  3  shows  that  the  power  loss  mea¬ 
sured  at  300  kHz  and  30  mT  is  further  lowered  for  samples 
coadded  with  SiOj-CaO  and  Er203. 

Figure  4  shows  the  effect  of  frequency  on  power  loss 
measured  at  30  mT  and  80  °C.  Compared  with  the  value  of  p 
for  Er203  contents  shown  in  Tables  1  and  II,  the  frequency 
dependence  of  power  loss  for  samples  with  Si02-CaO  is 
seen  to  be  improved  by  enhancing  p.  In  addition,  we  find  that 
the  sample  added  with  little  Er203  (—0.04  wt  %)  and 
Si02-CaO  cooperatively  exhibits  a  similar  frequency  depen¬ 
dence  of  power  loss  at  high  frequency  compared  with  the 
sample  with  only  a  SiOj-CaO  addition.  As  described 
above,  the  amplitude  permeability  and  specific  magnetization 
of  Mn-Zn  ferrites  for  high-power  use  can  be  improved  by 
little  addition  of  Er203  (<0.04  wt  %). 

IV.  CONCLUSIONS 

(1)  When  0.02-0.12  wt%  Er203  is  added  to 
Mno72Zn0  22Fe206O<  ferrite,  the  power  loss  is  gradually  low¬ 
ered  due  to  the  increase  of  electrical  resistivity.  In  addition, 
the  amplitude  permeability  and  specific  magnetization  can  be 
increased. 


PIG.  4.  Frequency  dependence  of  power  toss  for  simples  with  (A)  0.08 
wt  %  ErjO,.  (B)  0.12  wt  %  &A;  <C)  SiOj-CiO  and  0.04  wt  %  ErA; 
(D)  Si02-C*0. 

(2)  For  samples  coadded  with  Si02-CaO  and  Er203,  a 
small  Er203  content  can  cause  an  increase  in  specific  mag¬ 
netization  and  amplitude  permeability.  Thus  Mn-Zn  ferrites 
with  fine  grain  size  for  high-frequency  and  high-power  use 
were  improved  by  a  small  Er203  addition  (<0.04  wt  %). 

(3)  Micros tmeture  with  fine  grain  size  is  obtained  by 
adding  Si02-CaO  and  Er203  cooperatively. 

ACKNOWLEDGMENTS 

The  authors  would  like  to  thank  the  Ministry  of  Eco¬ 
nomic  Affairs,  Republic  of  China,  for  financial  support  under 
Contract  No.  3A92100  to  the  Industrial  Research  Institute. 

1 E.  Otsuki,  S.  Yamada,  T.  Otsuka,  K.  Shoji,  and  T.  Sato,  1.  Appl.  Ptiys.  49, 
5942  (1991). 

ZT  Sano,  A  Morita,  and  A.  Matsukawa,  “A  New  Power  Ferrite  for  High 
Frequency  Switching  Power  Supplies,”  Proceedings  of  the  3rd  Annual 
High  Frequency  Power  Conversion  Conference,  San  Die go  (1988). 

1  Yu.  Sakaki,  M.  Yoshida,  and  T.  Sato,  IEEE  Trans.  Magn.  MAG-29,  3517 
(1993). 

*T.  Mizushima,  A  Makino,  and  A  lnoue,  ‘‘The  Effect  of  Rare  Earth  Metal 
Oxide  Addition  on  Magnetic  Properties  of  Mn-Zn  Ferrite,”  Proceedings  of 
the  Sixth  International  Conference  on  Ferrites,  Tokyo,  1221  (1992). 

5T.  Mochizuki,  I.  Sasaki,  and  M.  Tbrii,  Mn-Zn  Fertile  for  400-600  kHz 
Switching  Power  Supplies,  edited  by  F.  F.  Y.  Wang  (The  American  Ce¬ 
ramic  Society,  Columbus,  1985),  pp.  487-492. 


6114  J.  Appl-  Phyt.,  Vot.  75,  No.  10,  IS  Mty  1994 


Uudfaf. 


Dispersion  observed  in  electrical  properties  of  titanium-substituted 
lithium  ferrites 

Bijoy  Kumar  Kuanr 

Department  of  Physics  and  Electronics,  Zakir  Husain  College,  University  of  Delhi,  Jawaharlal  Nehru  Marg, 
Delhi-110002.  India 

G.  P.  Srivastava 

Deportment  of  Electronic  Science,  University  of  Delhi,  India 

The  current-voltage  characteristic  of  polycrystalline  titanium-substituted  lithium  ferrites  has  been 
measured  at  temperatures  above  room  temperature.  At  voltages  below  a  critical  value  an  Ohmic 
relationship  is  observed,  while  it  obeys  a  power-law  relationship  (i*V“,  where  a  is  a 
temperature-dependent  constant)  above  the  critical  voltage.  At  low  voltages  conduction  is 
determined  by  the  boundary  layer,  whereas  at  higher  voltages,  the  current  in  the  solid  is  mainly  due 
to  the  space-charge-limited  carriers,  ac  conductivity  (irj  and  dielectric  permittivity  (e)  show  a 
large  temperature-dependent  dispersion  in  the  5-10-MHz  range.  The  experimental  results  indicate 
that  titanium  substitution  suppresses  all  these  parameters.  The  dielectric  relaxation  has  a  very  large 
relaxation  intensity.  In  the  theoretical  model  the  temperature-  and  frequency-dependent  layer 
properties  are  inserted  into  Koop's  model  and  the  theoretical  dispersion  curves  are  obtained.  The 
agreement  of  these  data  with  the  experimental  findings  is  remarkable. 


Lithium  ferrites  incorporated  with  titanium  are  very  at¬ 
tractive  for  microwave  applications  as  a  low-cost  substitution 
for  garnets  and  other  spinel  ferrites.  The  inclusion  of  tita¬ 
nium  in  lithium  ferrite  necessitates  adjustment  of  both 
monovalent  lithium  and  trivalent  iron  ions.  The  aim  of  the 
present  work  is  to  investigate  the  dc  and  dielectric  properties 
on  a  series  of  Ti4* -substituted  lithium  ferrites.  Ferrites  may 
be  considered  to  be  composed  of  layers  with  different  con¬ 
ductivities  and  thicknesses  in  series  with  each  other.1"4  The 
well-conducting  grains,  having  thickness  d,,  conductivity 
cr,,  and  permittivity  e,  are  separated  by  a  thin  layer  of 
poorly  conducting  grain  boundaries  (GB)  having  thickness 
d2.  conductivity  tr2,  and  permittivity  e2.  It  is  reasonable  to 
assume  that  tr,S>tr2.  H  vi  and  vi  are  the  dc  voltage  drops 
across  the  grain  and  the  GB,  respectively,  then  V~  V,  +  V2  is 
the  externally  applied  dc  voltage.  The  voltage  drop  will  take 
place  mainly  across  the  grain  boundary  (i.e.,  V=V2).  If  the 
current  («n  )  through  the  grain  is  only  ohmic,  and  the  current 
through  the  GB  is  Ohmic  ((„,)  as  well  as  space-charge  lim¬ 
ited  the  total  current  i  =  ini  =  in,  +  i^.  The  total 
current  in  the  solid  can  be  approximated  as  ip  <  iKl  =*  i. 
Thus  the  /-  V  characteristic  in  the  nonohmic  region  is  given 
by  iSCiocV,J.  The  space-charge-limited  current  is  determined 
mainly  by  the  number  of  free  charge  carriers  available  in  the 
grain-boundary  layers.  At  low  applied  dc  voltages,  i.e.,  be¬ 
fore  the  non-Ohmic  region,  the  current  is  purely  Ohmic  (a 
=  1).  In  this  region  the  total  current  through  the  solid  is  i^, 
■*  t'n3  =  »,  and  hence  an  ohmic  relation  holds.  According  to 
this  theory,  the  /-V  curve  consists  of  three  parts:  (i)  low- 
current  ohmic  range,  (ii)  scl-current  range  or  the  nonohmic 
range,  and  (iii)  high-current  ohmic  range. 

The  ac  conductivity  and  dielectric  permittivity  of  ferrites 
show  large  dispersion  at  audio  frequencies.  This  dispersion 
can  be  explained  with  the  help  of  the  Maxwell -Wagner  two- 
layer  model.'  Koop’s2  phenomenological  theory  is  generally 
used  to  describe  the  dielectric  relaxation  in  ferrites.  The 


frequency-dependent  effective  conductivity  ofui)  and  permit¬ 
tivity  e’(to)  are 


o-(  tu)  =  [  tr,  +  e,(  wt)2]/[  1  +  ( e>r)2] 

(1) 

and 

e'(tu)  =  [e,+  ex(tuT)2]/[l  +(ut)2], 

(2) 

where 

r=e0(e,-€.)/(trx-tr,) 

(3) 

is  the  relaxation  time.  The  subscript  x  corresponds  to  low 
frequency  and  the  subscript  to  high  frequency.  Equations 
(1)  and  (2)  cannot  provide  the  interpretation  for  the  experi¬ 
mental  tr  and  f‘  at  temperatures  other  than  room  tempera¬ 
ture.  In  order  to  study  the  temperature  dependence  of  cr(a>) 
and  e'(to),  the  effect  of  temperature  on  tr, ,  cr2,  e, ,  and  e2 
should  be  known.  But  from  the  experimental  results  only  tr, , 
<rx ,  es,  and  e*  can  be  observed.  The  correlation  suggested2 
between  the  layer  properties  and  the  experimentally  observed 
parameters  are  el=e2=ex,  x-d2ldt -ejf,,  cr^xcr,,  and 
<r2=trx.  The  temperature  variation  of  layer  properties  at 
high-  and  low-frequency  levels  can  be  obtained  from  the 
experimental  results  of  «»,  tr, ,  and  tr*.  The  suggestion 
made  in  the  present  investigation  is  that  the  temperature  de¬ 
pendence  of  <r(ai)  and  e'(tu)  [Eqs.  (1)  and  (2)]  can  be  ob¬ 
tained  by  introducing  one  exponential  term 
[<7j  =  tr,*  exp (-EJkT),  1  =  1,2]  to  tr,  and  tr2.  £„,  and£„2 
are  the  activation  energies  at  low-  and  high-frequency 
levels.1  The  temperature-  and  frequency-dependent  tr  and  t' 
are 

trfa>,T)=(l+x) 

x2tr,tr»(tr,-r  trx)  +  tt>2egej(tr,-hx2<r,) 
x2(tr,+<r«)2  +  <t»iejei(l  +x)2  4 

and 
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FIG.  1.  dc  current  voltage  characteristic  of  sample  S4. 


«'<«>, D  =  (l+*) 


xe.ixtr2  +  <r£)  +  <u2ejj*i(  1  +  x) 
jcJ(<r,+o-.)2+fti2«o«i(l+x)2 


(5) 


is  a  constant  and  ui  and  T  ate  variables  in  Eqs.  (4)  and  (5). 
These  two  equations  are  used  in  the  present  investigation  to 
explain  the  experimental  results  theoretically. 

The  samples  having  stoichiometry 

(Uo.s+o.5x’ri,Mn0.1Fe24,l.5J(04,  x=0, 0.1, 0.3, 0.5,  and  0.7, 
samples  S1-S5,  respectively)  were  prepared  by  the  dry  ce¬ 
ramic  method.  The  final  sintering  was  carried  out  at  1050  *C. 
A  small  amount  of  manganese  was  included  in  the  composi¬ 
tion  to  increase  the  resistivity  of  the  samples.  X-ray  diffrac¬ 
tion  studies  ensured  a  single  spinel  phase  formation.  All  the 
measurements  were  carried  out  by  a  three-probe  pressure 
contact  technique  on  pellet-shaped  samples  coated  with  air- 
dried  silver  epoxy,  dc  electrical  measurements  were  made 
employing  a  Keithley  Electrometer,  Model  No.  610C,  and 
dielectric  measurements  were  performed  using  a  HP  4192A 
LF  Impedance  Analyzer  from  S  to  10  MHz  at  different  tem¬ 
peratures. 

The  I-V  characteristics  for  sample  S4  is  shown  in  Fig.  1. 
It  is  evident  from  this  figure  that  at  low  applied  dc  voltages 
an  ohmic  relationship  (a=l)  is  obtained.  This  is  called  the 
low-current-ohmic  range.  But  at  higher  voltages,  i.e.,  V>  1 
V,  die  nonohmic  relation,  i<*V,  holds  good.  The  parameter 
a,  which  essentially  defines  the  non -Ohmic  nature  of  the 
material,  is  observed  to  decrease  with  an  increase  of  tem¬ 
perature.  The  non-Ohmic  region  (a>l),  in  the  /-V  curves, 
arises  due  to  die  space-charge  effects  and  is  termed  as  space- 
charge-limited  current  region.  These  observations  show  that 
the  I-V  characteristics  provide  the  best  understanding  of  the 
conduction  mechanism  in  ferrites. 

Figures  2  and  3  show  the  experimental  variation  of 
room- temperature  oK  and  s'  from  5  to  10  MHz  for  samples 


FIG.  2.  ac  conductivity  vs  frequency  at  room  temperature  for  different 
titanium-substituted  lithium  ferrites. 


of  different  titanium  concentration.  Figure  2  depicts  that,  for 
sample  SI,  oK  increases  rapidly  with  the  increase  of  fre¬ 
quency.  Addition  of  titanium  in  lithium  ferrite  makes  the  <rK 
frequency  independent  at  low  frequencies,  but  after  a  certain 
frequency  its  value  increases  rapidly.  Further  addition  of  ti¬ 
tanium  makes  <Jm  more  and  more  frequency  independent  at 


FIG.  3.  Experimental  variation  of  permittivity  with  frequency  at  room  tem¬ 
perature  for  tftauforo-sabatttuted  lithium  ferrite  samples. 
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FIG.  4.  Experimental  variation  of  conductivity  as  a  function  of  frequency  at 
different  temperatures  for  sample  S5. 

low  frequencies.  It  is  also  observed  that  the  value  of  conduc¬ 
tivity  decreases  with  the  increase  in  titanium  percentage  in 
lithium  ferrites. 

Figure  3  shows  that  in  the  low-frequency  region,  the 
values  of  e‘  (*,)  are  very  high.  The  increase  of  titanium 
concentration,  in  lithium  ferrites,  decreases  e, .  The  value  of 
e'  decreases  rapidly  with  an  increase  in  frequency  and  attains 
a  constant  value  at  higher  frequencies  independent  of 
Ti<+  contents. 

The  experimentally  observed  room-temperature  varia¬ 
tion  of  <rK  and  e1  with  composition  and  frequency  are  inter¬ 
preted  on  the  basis  of  space-charge  polarization.  This  is  gov¬ 
erned  by  two  factors:  (i)  the  number  of  space -charge  carriers 
and  (ii)  the  resistivity  of  the  sample.  The  polarization  effect 
may  be  interpreted  in  the  following  way:  A  partial  evapora¬ 
tion  of  Li1+  ions  takes  place  at  the  sample  surface  during  the 
sintering  process  in  the  lithium-containing  ferrites.  This  leads 
to  the  formation  of  some  Fe2+  ions  from  Fe3+  ions.  The 
polarization  of  the  ferrite  is  determined  by  local  displace¬ 
ment  of  electrons  in  the  direction  of  an  applied  field,  which 
is  due  to  the  electron  exchange  interaction,  Fe2+s=tFe3+. 
From  the  accepted  cation  distribution  it  is  seen  that  the  Fe2+ 
ions  are  maximum  at  die  octahedral  sites  for  the  sample  SI. 
Hence  a  high  value  of  c'  is  expected  for  this  sample.  The 
substitution  of  x  amount  of  titanium  decreases  the  iron  ion 
concentration  from  2.4  to  (2.4  —  1.5x),  in  the  formula  unit. 
Hence,  there  is  a  decrease  in  the  number  of  ferrous  ions  on 
the  octahedral  sites  which  are  responsible  for  dielectric  po¬ 
larization.  Therefore,  the  dielectric  permittivity  decreases 
with  an  increase  of  Ti*+  in  lithium  ferrites. 

The  experimental  variations  of  and  e'  with  frequency 
for  sample  S5  are  shown  in  Figs.  4  and  5,  respectively,  at 


FIG.  5.  f  vs  frequency  at  different  temperatures  for  sample  S5.  The  inset 
shows  the  variation  of  de'/dT  as  a  function  of  frequency. 


different  temperatures.  From  Fig.  4  limiting  values  of  the 
low-frequency  conductivity  (tr,)  and  high  frequency  con¬ 
ductivity  (<7„)  are  observed.  In  the  temperature  range  from 
- 110  to  -25  °C  the  value  of  a,  is  observed  to  be  indepen¬ 
dent  of  temperature,  and  beyond  <rs  it  shows  the  usual  trend. 
It  may  be  pointed  out  here  that  other  samples  of  this  series 
were  also  found  to  exhibit  similar  behavior.  Figure  5  depicts 
the  experimental  variation  of  permittivity  with  frequency  at 
different  temperatures  for  sample  S5.  However,  it  is  observed 
that  at  5  Hz,  es  is  a  function  of  temperature.  This  is  due  to 
the  fact  that  in  the  present  investigation  it  was  not  possible  to 
measure  e'  below  5  Hz.  But  at  high  frequencies  (>10<  Hz), 
e1  is  independent  of  frequency  as  well  as  temperature.  The 
inset  in  this  figure  shows  the  variation  of  de'/dT  as  a  func¬ 
tion  of  frequency. 

Temperature  variations  of  arK  and  f  as  a  function  of 
frequency  cannot  be  reproduced  theoretically  by  the  use  of 
the  relations  (1)  and  (2).  In  order  to  find  the  validity  of  the 
Koops  phenomenological  model2  with  the  present  investiga¬ 
tion,  the  temperature  variation  of  layer  properties  were  stud¬ 
ied.  For  this  purpose  a, ,  o’* ,  e, ,  and  e*  were  studied  experi¬ 
mentally  as  a  function  of  temperature.  The  theoretical 
dispersion  curves  for  <xK  and  e'  as  a  function  of  frequency 
and  temperature  are  obtained  from  Eqs.  (4)  and  (5).  These 
curves  are  also  shown  in  Figs.  4  and  5  for  sample  SS  along 
with  the  experimental  data.  The  dispersion  region  in  the  ex¬ 
perimentally  observed  curves  extends  from  10  Hz  and  above 
for  <rK  and  100  Hz  to  10  kHz  for  e’,  whereas  the  theoretical 
dispersion  curves  show  a  dispersion  region  up  to  1  kHz  for 
rr*.  and  10  kHz  for  e'.  These  discrepancies  may  be  due  to  the 
fact  that  e,  is  taken  to  be  temperature  dependent  in  the 
present  investigation. 

1 P  K.  Larsen  and  R.  Metaelaar,  Pbys.  Rev.  B  8,  2016  (1973). 

!C.  G.  Koopa,  Ffeys.  Rev.  83,  121  (1951). 

’J.  Krausse,  Z.  Angew.  Ptiys.  27,  251  (1969). 

*P.  D.  Baba  «  nl,  IEEE  Tram.  Magn.  MAG-8,  83  (1972). 
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The  electrical  conductivity  of  polycrystalline  mixed  ferrite  system  having  the  chemical  formula 
MnxZn,_iFe204  (where  x  =0.0,  0.2,  0.4,  0.6,  and  0.8)  was  investigated  from  room  temperature  to 
the  neighborhood  of  the  Curie  temperature  by  the  two-probe  method.  The  electrical  conduction  in 
these  ferrites  is  explained  on  the  basis  of  the  hopping  mechanism.  Plots  of  log  (oT)  versus  10’/T 
are  almost  linear  and  show  a  transition  near  the  Curie  temperature.  The  activation  energy  in  the 
ferrimagnetic  region  is  in  general  less  than  that  in  the  paramagnetic  region. 


I.  INTRODUCTION 

Manganese-zinc  and  nickel-zinc  mixed  ferrites  are  still 
by  far  the  most  important  ferrites  for  high  permeability  and 
low  loss  applications.1  Though  several  researchers  have  stud¬ 
ied  the  magnetic  properties  of  the  mixed  Mn-Zn  ferrites  as  a 
function  of  composition  and  temperature,  very  few  studies 
are  available  on  various  nonmagnetic  properties  such  as  elec¬ 
trical  conductivity,  thermoelectric  power,  and  dielectric  con¬ 
stant.  With  a  view  to  understand  the  conduction  mechanism 
in  mixed  Mn-Zn  ferrites,  the  electrical  conductivity  and 
thermoelectric  power  as  functions  of  composition  and  tem¬ 
perature  were  undertaken.  The  results  of  such  a  study  are 
presented  in  this  article. 


II.  EXPERIMENT 

Polycrystalline  samples  of  mixed  Mn-Zn  ferrites  having 
the  chemical  formula  Mn„Zn,  xFe20,  (where  x=0.0,  0.2, 
0.4,  0.6,  and  0.8)  were  prepared  by  the  conventional  double 
sintering  method.  The  final  sintering  was  done  at  1200  °C. 
X-ray  diffractometer  of  the  samples  using  Cu Ka  radiation 
confirmed  the  spinel  formation.  Thcrmo-emf  of  mixed 
Mn-Zn  ferrites  was  measured  as  a  function  of  temperature 
by  the  hot  probe  method.2  The  electrical  conductivity  mea¬ 
surements  were  made  by  the  two  probe  method3  from  room 
temperature  to  well  beyond  the  Curie  temperature. 


III.  RESULTS  AND  DISCUSSION 

Experimental  data  for  the  mixed  Mn-Zn  are  given  in 
Table  I,  which  includes  the  compositional  formulae  of  all  the 
ferrites  and  the  values  of  the  Scebeck  coefficient  and  the 
electrical  conductivity  at  room  temperature. 

Based  on  the  observed  Seebeck  coefficients  in  Table  I, 
the  mixed  Mn-Zn  ferrites  studied  in  this  investigation  can  be 
divided  into  two  groups.  The  specimens  I,  (II,  IV,  and  V 
(group  1)  have  negative  Seebeck  coefficients,  indicating  that 
they  are  n-type  semiconductors;  specimen  II  (group  2)  is  a 
p- type  semiconductor  as  its  Seebeck  coefficient  is  positive.  It 
can  be  seen  from  the  Table  1  that  the  values  of  Seebeck 
coefficient  continuously  decreases  with  the  increase  of  zinc 
concentration  from  0.0  to  unity.  A  similar  continuous  de¬ 
crease  of  Seebeck  coefficient  with  the  increase  of  nickel  con¬ 
tent  •  •as  observed  by  Reddy  and  Rao  in  the  case  of  Li-Ni 
ferrites.4  The  variation  of  Seebeck  coefficient  with  tempera¬ 
ture  for  all  the  mixed  Mn-Zn  ferrites  is  shown  in  Fig.  1 .  It 
can  be  seen  from  the  figure  that  the  Seebeck  coefficient  de¬ 
creases  with  increase  of  temperature.  A  similar  behavior  has 
been  observed  in  several  other  ferrites.5'6  It  can  also  be  seen 
from  Fig.  1  that  the  Seebeck  coefficient  in  all  the  cases  is 
strongly  dependent  on  temperature.  The  decrease  of  Seebeck 
coefficient  from  room  temperature  up  to  about  150  °C  is 
rapid,  whereas  beyond  150  °C  the  decrease  is  slow.  Similar 
rapid  decrease  of  Seebeck  coefficient  from  room  temperature 


TABLE  I.  Experimental  data  on  Mn-Zn  mixed  ferrites  at  room  temperature. 


Activation  energies 
(eV) 


Specimen 

Molecular  formula 

Electrical 

conductivity 

<7 

(Hem-1) 

Seebeck 

coefficient 

Q 

0iV/K) 

Ferri- 

magnetic 

region 

£t 

Para¬ 

magnetic 

region 

e2 

A£  =  E2-£, 
(eV) 

Curie 

temperature 

(K) 

I 

MnFe204 

5.32X10-9 

Group  1 
-750 

0.28 

0.70 

0.42 

559 

in 

MnaftZno 

4.77X10“* 

-692 

0.24 

0.64 

0.40 

501 

IV 

Mn04Zn0feFcjO4 

5.85X10“’ 

-598 

0.21 

0J5 

0.34 

441 

V 

Mn&jZnojFe^O* 

1.79X10“S 

-530 

0.19 

0.46 

0.27 

417 

n 

MnoaZiiojFejO. 

7.73X10“* 

Group  2 
710 

0.25 

0.68 

0.43 

521 
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FIG.  1.  Plot  of  Scebcck  coefficient  Q  vs  temperature  for  mixed  Mn-Zn 
ferrites. 


FIG.  2.  Plot  of  log  ( arT)  vs  lO^f  for  mixed  Mn-Zn  ferrites. 


up  to  150  °C  has  also  been  observed  by  Ravinder  and  Sesha- 
giri  Rao  in  the  case  of  mixed  Li-Cd  ferrites.7  Samokhvalov 
and  Rustmov8  measured  the  Seebeck  coefficient  Q  of  mixed 
nickel-zinc  ferrites  and  observed  a  similar  variation  of  Q 
with  temperature.  From  this  observation  it  follows  that  the 
conduction  mechanism  in  the  n-type  specimens  of  group  1  is 
predominantly  due  to  hopping  of  electrons 9  from  Fe2+  to 
Fe’ 6  ions,  whereas  the  conduction  mechanism  in  specimens 
of  group  2  is  hole  transfer  from  Mn3v  to  Mn2+  ions. 

It  can  be  seen  from  the  table  that  in  the  case  of  Mn-Zn 
ferrites,  the  values  of  electrical  conductivity  vary  from 
5.32X10"9  O'1  cm"1  for  MnFe20«  to  1.79X10"5  ft"1  cm"1 
for  Mn0  2Znfl  8Fe2O1 .  It  is  also  evident  from  the  table  that  the 
conductivity  continuously  increases,  with  the  addition  of  the 
zinc.  A  similar  continuous  increase  of  electrical  conductivity 
was  observed  by  Reddy  and  Rao10  in  the  case  of  Mn-Mg 
ferrites  and  also  by  Eatah  et  al."  in  the  case  of  Cu-Co  fer¬ 
rites.  The  electrical  conductivity  of  mixed  Mn-Zn  ferrites  of 
various  compositions  was  measured  over  the  temperature 
range  308-575  K.  Plots  of  log  (<tT)  versus  temperature 
(WIT)  are  shown  in  Fig.  2.  It  can  be  seen  from  the  figure 
that  the  log  (<tT)  increases  almost  linearly  with  increasing 
temperature  up  to  a  certain  temperature  T,  (K)  at  which  a 
change  of  slope  has  occurred.  It  is  observed  that  the  transi¬ 
tion  temperature  T,  (K)  is  in  good  agreement  with  the  Curie 
temperature,  showing  that  the  kink  in  each  case  has  occurred 
at  the  Curie  point  of  the  corresponding  ferrite. 

Figure  3  shows  the  relation  between  the  Curie  tempera¬ 
ture  Te  and  the  zinc  concentration  X.  It  illustrates  that  the 
Curie  temperature  decreases  linearly  due  to  increasing  zinc 
content.  Similar  transitions  in  the  neighborhood  of  the  Curie 
point  have  also  been  observed  in  the  mixed  Co-Zn  (Ref.  12) 
and  Li-Zn  (Ref.  13)  ferrites.  It  was  shown  theoretically  on 
passing  through  the  Curie  point  a  change  must  occur  in  the 
gradient  of  the  straight  line,14  and  magnitude  of  the  effect 


depends  on  the  exchange  interaction  between  the  outer  and 
inner  electrons  which  changes  at  the  Curie  point.  The  experi¬ 
mental  observation  of  the  transition  near  the  Curie  point  in 
the  case  of  Mn-Zn  ferrites  is  thus  in  conformity  with  theory 
developed  by  Irkhin  and  Turov.15 

The  activation  energies  in  the  ferrimagnetic  and  para¬ 
magnetic  regions  are  calculated  from  the  slopes  of  log  (oT) 
versus  10 3/T  and  are  presented  in  the  Table  I.  It  can  be  seen 
from  the  table  that  the  activation  energy  in  the  paramagnetic 
region  is  higher  than  that  in  the  ferrimagnetic  region.  This 
result  is  in  agreement  with  the  theory  developed  by  Irkhin 
and  Turov.15  Similar  results  have  been  obtained  in  the  case  of 
a  number  of  mixed  ferrites  such  as  lithium-titanium16  and 
nickel-zinc  ferrites.17  It  may  also  be  noted  from  the  Table  1 
that  the  high  activation  energy  goes  hand  in  hand  with  low 
conductivity  of  the  ferrite.  This  result  is  in  accordance  with 
the  conclusion  drawn  by  Smit  and  Wijn14  who  collected  the 
data  on  a  number  of  ferrites.  As  already  pointed  out,  the  kink 


Zinc  Concent  rofion  (X) 

FIG.  3.  Variation  of  transition  temperature  Tc  with  zinc  concentration  X. 
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will  be  larger  for  cases  in  which  there  is  a  stronger  exchange 
interaction  between  the  outer  and  inner  electrons.  The  size  of 
this  kink  can  be  smaller  or  larger  in  various  ferrites,  depend¬ 
ing  on  their  structural  peculiarities  and  also  on  the  value  of 
electrical  resistance.  The  earlier  experiments  have  shown  that 
the  larger  kinks  are  characteristic  of  ferrites  that  have  small 
specific  resistance  because  in  these  materials  the  activation 
energy  is  comparable  with  the  magnitude  of  the  energy  of  the 
spontaneous  magnetization  that  is  “released"  as  a  result  of 
magnetic  transition. 

The  magnitude  of  the  kink  as  determined  by  the  differ¬ 
ence  between  the  activation  energies  in  the  ferrimagnetic  and 
paramagnetic  regions  (A E)  is  given  in  the  next  to  last  col¬ 
umn  of  Table  1.  The  third  column  of  the  table  gives  the 
values  of  electrical  conductivity  for  the  mixed  Mn-Zn  fer¬ 
rites  under  investigation.  Inspection  of  these  two  columns 
reveals,  however,  that  there  is  no  correlation  between  the 
values  of  A E  and  the  conductivity.  This  may  perhaps  be 
attributed  to  the  structural  peculiarities  of  the  ferrite  speci¬ 
mens  under  investigation. 
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Mixed  Li-Cd  ferrites  having  the  chemical  formula  Uq  J_x/2Cd>Fe2  5-.,/204  (where  *=0.2, 0.4, 0.6, 
0.8,  and  1.0)  are  prepared  by  the  well-known  double  sintering  ceramic  technique.  From  x-ray 
diffraction  studies  lattice  parameters  are  calculated  and  their  variation  with  composition  is  explained 
on  the  basis  of  the  tetrahedral  ionic  radius.  The  bulk  density  of  the  specimens  are  determined  by  the 
hydrostatic  method  and  the  percentage  porosity  was  calculated.  The  ultrasonic  compressions!  (V]) 
and  shear  (V,)  velocities  of  mixed  Li-Cd  ferrites  are  measured  at  room  temperature  by  the 
ultrasonic  pulse  transmission  technique.  The  values  of  Young’s  modulus,  the  rigidity  modulus, 
Debye  temperatures,  and  average  sound  velocities  are  calculated  from  the  experimental  values  of  V, 
and  Vs .  The  elastic  moduli  have  been  corrected  to  zero  porosity.  The  variation  of  elastic  moduli  with 
composition  is  interpreted  in  terms  of  binding  forces  between  the  atoms. 


I.  INTRODUCTION 

Ferrites  are  finding  wide  application  as  core  materials  of 
inductors,  transformers,  etc.  in  the  electronics  industry. 
Mixed  lithium-cadmium  ferrites  are  of  much  interest  be¬ 
cause  of  their  useful  applications  in  several  microwave  de¬ 
vices  like  isolators,  circulators,  gyrators,  phase  shifters,  etc.1 
So  a  study  of  the  elastic  properties  of  mixed  ferrites  espe¬ 
cially  with  reference  to  the  composition  is  of  importance  in 
understanding  the  nature  of  interatomic  forces  existing  in 
ferrites.  As  such,  a  study  of  the  elastic  behavior  of  mixed 
Li-Cd  ferrites  of  different  compositions  has  been  under¬ 
taken,  and  the  results  are  presented  in  this  paper. 

II.  EXPERIMENT 

The  ferrite  samples  used  in  the  present  investigation 
have  the  composition  formula  Lio5_  t/2CdxFe2 

5-X/2O4 

(where  x=0.2,  0.4,  0.6,  0.8,  and  1.0)  were  prepared  by  the 
conventional  double  sintering  method.  The  final  sintering 
was  done  at  1300  °C.  The  details  of  the  preparation  method 
have  been  given  in  an  earlier  publication.2  The  ultrasonic 
compressional  (F,)  and  shear  velocities  (V,)  at  room  tem¬ 
perature  of  all  the  mixed  ferrites  were  determined  by  the 
ultrasonic  pulse  transmission  technique3  but  modified  and 
improved  by  using  a  digital  Tectronik  2230  oscilloscope  and 
utilizing  cursor  movement  for  travel  time  measurements.4 
The  error  in  the  measurement  of  velocities  is  less  than 
±0.5%. 

III.  RESULTS  AND  DISCUSSION 

X-ray  diffraction  patterns  for  all  the  Li-Cd  ferrites  have 
been  obtained  using  Cu Ka  radiation.  The  value  of  the  lattice 
parameter  for  each  composition  has  been  calculated  using 
the  values  of  d  spacings.  In  the  case  of  CdFe204 ,  the  value 
of  the  lattice  parameter  obtained  in  the  present  investigation 
is  0.8698  nm,  which  is  in  agreement  with  that  of  0.8700  nm 
reported  by  Globus,  Pascard,  and  Cagan.5  No  data  are  avail¬ 
able  in  the  literature  to  compare  the  values  of  other  Li-Cd 
ferrites.  The  variation  of  the  lattice  parameter  with  cadmium 
composition  is  shown  in  Fig  1.  The  lattice  parameter  is  found 


to  vary  linearly  with  increasing  cadmium  concentration, 
thereby  indicating  that  the  Li-Cd  ferrite  system  obeys  Veg- 
ard’s  law.6  Further,  the  variation  of  lattice  parameter  with 
composition  can  be  explained  on  the  basis  of  the  variation  in 
the  tetrahedral  ionic  radius  as  outlined  below. 

The  cation  distribution  of  lithium  ferrite  having  the  in¬ 
verse  spinel  structure  is  given  by 

(Fe3+)[Li0+5FeJ+5p4-, 

where  the  parentheses  ( )  and  brackets  [  ]  indicate  the  tetra¬ 
hedral  and  octahedral  sites,  respectively.  Starting  from 
lithium  ferrite,  when  a  nonmagnetic  ion  Cd2+  is  substituted  it 
is  known  to  occupy  preferably  the  tetrahedral  sites,7  replac¬ 
ing  Fe3+  ions.  As  such,  the  cation  distribution  of  Li-Cd  fer¬ 
rites  can  be  written  as 

( Fe3  ^Cdf  )[Li>+5  _  0S,Fe3+5 + 05jr]O2  “ . 

The  ionic  radius  of  Fe3+  and  Cd2+  is  0.049  and  0.084  nm, 
respectively.  When  Cd2+  with  a  larger  ionic  radius  replaces 
Fe3+  on  the  tetrahedral  site  having  a  smaller  ionic  radius,  the 


FIG.  1.  Variation  of  the  lattice  parameter  with  cadmium  content. 
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FIG.  2.  Plot  of  the  lattice  parameter  and  tetrahedral  ionic  radius. 

lattice  parameter  is  expected  to  increase  continuously.  Now 
the  relationship  between  tetrahedral  ionic  radius  and  the  lat¬ 
tice  parameter  can  be  arrived  at  as  follows. 

For  a  given  composition  x,  the  mean  ionic  radius  per 
molecule  of  the  tetrahedral  site  may  be  defined  as 

'•»,=(  1  -■*)»■««(  Fe3 + )  +xran(  Me2 + ), 

where  Me2*  denotes  the  substituted  divalent  metal.  Using 
this  formula,  the  mean  tetrahedral  ionic  radius  for  each  com¬ 
position  has  been  computed.  A  plot  of  lattice  parameter  ver¬ 
sus  tetraionic  radius  for  all  Li-Cd  samples  is  shown  in  Fig  2. 
It  can  be  seen  from  the  figure  that  when  Cd2+,  having  an 
ionic  radius  of  0.084  nm,  replaces  the  Fe3+  ion  (r =0.049 
nm),  the  mean  tetrahedral  ionic  radius  is  found  to  increase 
continuously  with  increasing  cadmium  concentration.  Ac¬ 
cordingly,  the  lattice  parameter  is  found  to  increase  with  in¬ 
creasing  tetrahedral  ionic  radius.  As  such,  it  can  be  con¬ 
cluded  that  the  tetrahedral  site  is  influencing  the  value  of 
lattice  parameter.  A  similar  result  has  been  reported  by  Glo¬ 
bus,  Pascard,  and  Cagan5  in  the  case  of  Li-Ni  and  Mn-Mg 
ferrites.8 

The  bulk  density  of  the  specimens  has  been  determined 
accurately  by  the  hydrostatic  method  and  the  percentage  po¬ 
rosity  was  calculated.  The  values  of  bulk  density  and  the 
percentage  of  porosity  for  Li-Cd  ferrites  are  given  in  Table 
I.  It  can  be  seen  from  the  table  that  the  bulk  density  increases 
and  the  porosity  decreases  with  the  addition  of  cadmium  to 
lithium  ferrite,  cadmium  ferrite  having  the  least  porosity. 
This  confirms  the  observation  that  the  addition  of  cadmium 
to  lithium  ferrite  results  in  the  densification  of  the  material.9 


1  I 


Zinc  Concentration  (X) 


FIG.  3.  Variation  of  bulk  density  with  cadmium  composition. 


Figure  3  shows  a  plot  of  bulk  density  versus  cadmium  con¬ 
tent  for  mixed  Li-Cd  ferrite  specimens.  It  may  be  seen  from 
the  figure  that  the  bulk  density  increases  linearly  with  the 
increase  of  cadmium  content.  A  similar  linear  variation  has 
also  been  observed  by  West  and  Blankenship10  in  the  case  of 
mixed  lithium-zinc  ferrites  sintered  at  980  °C. 

The  experimental  values  of  compressional  (V,)  and 
shear  (Fj)  velocities,  along  with  the  computed  values  of  the 
Young’s  modulus  (£),  and  rigidity  modulus  (n),  are  in  Table 
I.  Since  ferrites  under  investigation  are  porous  (porosity 
ranging  from  0.3%  to  0.6%),  the  elastic  moduli  have  been 
corrected  to  zero  porosity  using  McKenzie’s  formula.1’  The 
corrected  values  of  £0,  n0,  Ka  and  <r0  are  in  Table  II  (where 
£0=bulk  modulus  of  nonporous  material).  It  can  be  seen 
from  the  Tables  I  and  II  that  the  values  of  £,  n,  E0,  n0,  and 
K0  of  the  mixed  Li-Cd  ferrites  are  found  to  decrease  con¬ 
tinuously  with  increasing  cadmium  content.  From  Table  II,  it 
can  further  be  seen  that  the  Poisson’s  ratio  remains  constant. 
Following  Wooster’s  work,12  the  variation  of  elastic  moduli 
with  composition  may  be  interpreted  in  terms  of  binding 
forces  between  the  atoms.  As  such,  it  can  be  understood  from 
the  experimental  values  of  £0  and  n0  (Table  III)  that  the 
atomic  binding  between  the  ions  of  Li-Cd  mixed  ferrites 
decreases  continuously  with  increasing  cadmium  content. 
This  composition  variation  of  elastic  moduli  in  the  case  of 
Li-Cd  ferrites  is  similar  to  wbat  has  been  observed  in  sev¬ 
eral  other  ferrites  like  Li-Ti  (Ref.  13)  and  Li-Zn  (Ref.  14). 


TABLE  ],  Elastic  data  ( uocorrect ed)  of  mixed  lithium-cadmium  ferrites  at  room  temperature. 


Sample 

No. 

Ferrite 

composition 

Bulk 
density 
(103  kgm 

X-ray 

density 

3>  (103  kgnT3) 

Percentage 

porosity 

(%) 

p. 

(m  »"’) 

V, 

(m  s"‘) 

E 

(GN  n“2) 

n 

(ON  m'3) 

1 

4.62 

4.64 

0.4 

5068 

3837 

159.16 

68.02 

2 

LiojOwFerA 

4.91 

4.94 

0.6 

4977 

3383 

123.62 

56.19 

3 

5.21 

5.24 

0.6 

4907 

2805 

103  JO 

40.99 

4 

UoiC4j,Fej.iO, 

5.50 

5.53 

0.6 

4021 

2518 

82.29 

34.87 

5 

CdFeA 

5.80 

5.82 

0.3 

3938 

2400 

80.18 

33.49 
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TABLE  n.  Elastic  data  (corrected)  of  mixed  1  itinera -cadnuum  ferrites  it 


Sample 

No. 

Ferrite 

composition 

Eo 

(GN  m"2) 

"0  „ 
(GN  m'2) 

*0 

(OKn2) 

Poisson’s 

ratio 

K) 

1 

Lia.4Cde.2Fe2.4O4 

161-20 

66.94 

90.79 

031 

2 

UoLjCdruFc^jO* 

128.78 

52.75 

76.84 

0.22 

3 

Lio.2Cda6Fez204 

103.40 

43.70 

5438 

0.18 

4 

Lio.iOdOJFe2,04 

83.60 

34.69 

47.23 

031 

5 

CdFejO* 

80.61 

33.59 

44.77 

0.20 

Debye  temperatures  (0D).for  the  mixed  Li-Cd  ferrites 
have  been  calculated  using  the  sample  method  given  by 
Anderson,15 


(1) 


where  h = Planck’s  constant,  k  = Boltzmann’s  constant, 
Af=Avogadro’s  number,  m=  molecular  weight  of  the  speci¬ 
men,  <j= number  of  atoms,  p~density  of  the  specimen,  and 
V„  =average  sound  velocity,  which  is  given  by 


Vm  (atS  ') 


FIG.  4.  Plot  of  the  Debye  temperature  (0D)  against  the  average  sound 
velocity  (Vm)  for  the  Li-Cd  mixed  ferrites. 


and  Swaray16  in  the  rare-earth  and  noble  metals,  and  by 
Reddy  et  al.  in  the  case  of  Li-Ti  (Ref.  13)  mixed  ferrites. 


1 

3 


-1/3 


(2) 


From  the  values  of  compressional  (V,)  and  shear  (V,)  ve¬ 
locities  and  x-ray  density,  Vxlp  and  VJp  are  calculated  and 
are  shown  in  Table  III.  The  mean  weight  m!q  of  the  ferrite 
under  investigation,  calculated  from  the  molecular  weight  m 
and  the  number  of  atoms  q  in  the  chemical  formula,  are  also 
included  in  Table  m.  The  values  of  0O  and  Vm  thus  obtained 
are  also  given  in  Table  HI.  The  values  of  VJp,  VJp,  VM ,  0D 
also  decrease  continuously  with  increasing  cadmium  content. 
A  plot  of  0O  against  Vm  is  shown  in  Fig.  4.  It  is  interesting 
to  note  from  the  figure  that  0O  varies  linearly  with  Vm .  A 
similar  variation  of  0D  with  Vm  was  reported  by  Narayana 


TABLE  nr.  Relation  between  atomic  weights  and  velocities  for  mixed 
lithium-cadmium  ferrites. 


Sample 

No. 

Ferrite 

composition 

mlq 

VJti 

VJp 

Vm 

(ms'1) 

®0 

<K) 

1 

Lin,Cd02Fei.,O< 

31.90 

1093 

827 

4114 

543 

2 

UuCdo.aFejjO, 

34.21 

1008 

685 

3689 

485 

3 

Lo2plo4Fei204 

36.53 

937 

536 

3117 

409 

4 

Go-iCdoaFcnO. 

38.64 

727 

455 

2773 

363 

5 

CdPejO, 

41.16 

677 

413 

2651 

347 
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Deposition  and  properties  of  NIF^04  thin  films  (abstract) 

R.  B.  van  Dover,  E.  M.  Gyorgy,  J.  M.  PhiHipe,  J.  H.  Marshall,  R.  J.  Felder, 

R.  M.  Fleming,  and  H.  O’Bryan,  Jr. 

AT&T  Bell  Labs,  Murray  Hill,  New  Jersey  07974 

We  have  investigated  the  properties  of  NiFejOj  thin  films  prepared  by  laser  ablation  of  a 
stoichiometric  NiFe204  target  Textured  polycrystalline  films  were  obtained  on  a-SiC^  as  well  as  on 
various  substrates  with  Au,  Ag,  Pt,  and  MgF2  buffer  layers.  Epitaxially  oriented  films  were  obtained 
on  MgO,  (1102)-oriented  A1203,  (1120)-oriented  A1203,  Y-stabilized  Zi02  (YSZ),  and  SrTi03, 
although  the  crystalline  quality  of  the  films  varied.  Contamination  by  diffusion  from  the  substrate 
and  strains  induced  by  both  lattice  constant  mismatch  and  differential  thermal  expansion  degraded 
the  magnetic  properties  of  the  films,  and  in  some  cases  decreased  the  electrical  resistivity  as  well. 
By  choosing  the  right  substrate  (YSZ),  temperature  (600  °C),  and  Pqj  (0-01  mT),  we  are  able  to 
prepare  epitaxial  films  with  bulk  saturation  magnetization  (M,= 270  G)  and  fairly  low  anisotropy 
(K~  105  erg/cm3)  as  inferred  by  torque  magnetometry.  These  films  and  bilayers  are  expected  to  be 
useful  in  a  variety  of  fundamental  investigations  as  well  as  having  the  potential  for  technological 
applications. 


Studies  of  stoichiometric  variations  of  epitaxially  grown  Fe3_<504  (abstract) 

E.  Lochrter,  K.  A.  Shaw,  R.  C.  DiBari,  D.  Hilton,  D.  M.  Lind,  and  S.  D.  Berry 

Department  of  Physics  and  Center  far  Materials  Research  and  Technology  (MARTECH),  The  Florida  State 
University,  Tallahassee,  Florida  32306-3016 

Using  plasma-assisted  molecular  beam  epitaxy,  films  of  iron  oxide  cubic  spinel  phases  have  been 
prepared  on  single  crystal  MgO  (100).  Preparation  was  by  deposition  of  Fe  from  an  elemental  e~ 
gun  in  a  reactive  oxygen  plasma  (primarily  0+)  from  an  ECR  source.  Sample  stoichiometry  during 
synthesis  was  controlled  by  variation  of  growth  parameters,  including  substrate  temperature,  oxygen 
flux,  plasma  power,  and  deposition  rate.  We  present  the  results  of  structural  and  magnetic  studies  of 
these  materials  using  election  and  x-ray  diffraction,  as  well  as  SQUID  magnetometry.  Lattice 
spacing,  saturation  magnetization,  and  magnetic  anisotropy  all  provide  strong  evidence  that  the 
variation  of  growth  parameters  does  indeed  produce  a  range  of  “cubic"  defect  spinel  structures 
tanging  from  FejC^  to  one  approximating  y-Fe203.  Both  structural  and  magnetic  probes  indicate 
that  strong  ordering  changes  occur  in  these  systems  as  they  are  cooled  through  the  — 119  K  Verwey 
transition.  The  behavior  of  the  Verwey  transition  as  a  function  of  growth  parameters  indicates  that 
Fe  vacancies  in  these  defect  spinels  have  a  profound  effect  on  the  structural  distortion  related  to  the 
Verwey  transition.  Epitaxial  strain  due  to  lattice  mismatch  further  contributes  to  structural  distortion, 
and  thus  to  the  Verwey  transition.  The  relative  contributions  of  these  stoichiometric  variations  and 
epitaxial  strain  on  the  Verwey  transition  will  be  discussed. 
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Cation  distribution  of  Li-Ti  mixed  ferrites  (abstract) 

M.  Bhagavantha  Reddy  and  P.  Venugopal  Reddy 

Department  of  Physics,  Post-Graduate  Centre,  A.  V.  College  of  Arts,  Science  <4  Commerce,  Gegam  Mahal, 
Hyderabad,  Andhra  Pradesh,  India 

Lithium-titanium  mixed  ferrites  of  different  compositions  have  been  prepared  by  the  well  known 
ceramic  technique.  Thermo  power  studies  of  these  samples,  after  usual  characterization  by  x-ray 
diffraction  (XRD),  bulk  density,  porosity,  etc.  have  been  measured  by  the  differential  method.  Room 
temperature  values  of  the  Seebeck  coefficient  are  found  to  vary  from  2.3  to  114  /sVI K.  It  is  an 
established  fact  that  the  thermo  power  measurement  would  also  be  used  to  study  the  cation 
distributions  on  octahedral  and  tetrahedral  sublattices  of  ferro  spinel.  This  technique  was 
successfully  used  in  the  study  of  cation  distribution  of  Fe304,  Fe30<-TiFe204,  etc.  As  such  the  cation 
distribution  of  Li-H  mixed  ferrites  of  P.I.  has  been  arrived  at  using  thermo-power  data  by  assuming 
that  small  polorans  rather  than  electrons/holes  are  responsible  for  the  process  of  conduction.  A 
knowledge  of  cation  distribution  among  octahedral  sites  of  a  spinel  ferrite  is  essential  to  understand 
the  mechanism  responsible  for  electrical  properties  like  electrical  conductivity,  thermo  power, 
dielectric  properties,  etc.  Saturation  magnetization  of  all  the  samples  has  also  been  obtained  by  the 
well  known  oscillation  method.  From  the  cation  distribution  it  has  been  observed  that  the 
concentration  of  Ti4*  on  octahedral  sites  is  found  to  increase  while  those  of  Fe3+  and  Fe2+  are  found 
to  decrease  rapidly. 
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Magnetic  and  microstructurai  properties  of  CoCrPt/CoCrPtSi  dual-layered 
magnetic  recording  media 

N.  Inaba,  Y.  Mafsucta,  M.  Suzuki,  A.  Nakamura,  and  M.  Futamoto 

Central  Research  Laboratory,  Hitachi  Ltd.,  Higaski-Koigakubo  1-280,  Kohtbnnji-ski,  Tokyo  180,  Japan 

The  magnetic  properties  of  CoCrPt/CoCrPtSi  dual-magnetic-layered  thin  films  are  investigated  in 
terms  of  the  crystalline  microstructures  using  a  vibra ting-sample  magnometer,  transmission  electron 
microscope,  and  scanning  electron  microscope.  The  magnetic  crystal  grains  of  the  films  are  aligned 
with  forming  chainlike  clusters.  Each  stacked  magnetic  crystal  grain  is  epitaxially  grown  on 

individually  isolated  columnar  Cr  crystals  with  a  relationship  of  hep  (1011 W. _ ,  ^  // bcc  (110)Cr. 

The  direction  of  magnetic  easy  axes  of  two  stacked  magnetic  crystals  are  aligned  in  a  same 
direction.  Single-crystalline  dual-magnetic-layered  thin  films,  which  are  epitaxially  grown  on 
MgO(110)  single-crystal  substrates,  are  prepared  to  estimate  the  of  the  dual-layered  magnetic 
grains.  The  K,  is  determined  to  be  4X10*  erg/cm3,  whose  value  is  about  2  times  as  large  as  that  of 
single-layered  CoCrPtSi.  This  large  anisotropy  energy  is  presumed  to  lead  the  increase  of  Hc  in  the 
dual-layered  magnetic  films. 


Recently,  CoCrPt-based  alloy  media  have  been  actively 
investigated  in  attempts  to  increase  the  areal  density  of  lon¬ 
gitudinal  magnetic  recording  because  of  their  high 
coercivities. 1-5  As  the  size  of  bit  cell  recorded  on  a  medium 
decreases,  the  influence  of  magnetic  irregularities  increases.6 
These  irregularities  are  caused  by  the  distributions  of  grain 
size,  grain  morphology,  crystalline  orientation,  microstruc¬ 
turai  composition  inside  a  grain,  and  the  exchange  interac¬ 
tion  between  magnetic  grains  in  a  medium.  Therefore,  it  is 
important  to  study  the  relationship  between  the  microstruc¬ 
turai  features  and  magnetic  properties  in  a  crystal  grain  level. 
Wong  et  al  investigated  the  fine  structures  inside  the  mag¬ 
netic  grains  of  CoCrTa  and  CoNiCr  media  using  a  high- 
resolution  transmission  electron  microscope  (HKTEM).7,8 

One  of  key  components  in  an  ultrahigh  density  recording 
is  a  high  coercivity  medium  with  a  very  thin  magnetic  layer. 
In  our  previous  paper,5  the  CoCrPt/CoCrPtSi  dual-magnetic- 
layered  thin  films  possessed  large  coercivities  at  the  maxi¬ 
mum  value  of  2.7  kOe,  which  was  about  1 .5  times  as  large  as 
that  of  the  CoCrPt  or  CoCrPtSi  single-layered  specimens.  In 
this  work,  the  origin  of  the  increase  of  Hc  in  the  dual-layered 
films  is  investigated. 

The  structure  of  the  dual-magnetic-layered  thin  films 
was  C/Co74  2Cr47Pt2U/Co74  2Cr,4jPte4Sii^'Cr.  The  thick¬ 
ness  of  the  Cr  underlayer  was  150  nm.  The  total  magnetic 
layer  thickness  was  30  nm  and  the  thickness  ratio  between 
the  two  magnetic  layers  was  changed.  The  specimens  were 
deposited  on  glass  substrates  using  a  dc  magnetron  sputter¬ 
ing  system.  The  details  of  sputtering  deposition  are  described 
in  Ref.  5. 

The  magnetic  properties  of  the  samples  were  measured 
by  using  a  vibra  ting-sample  magnetometer  (VSM).  The  mi¬ 
crostructures  of  the  films  were  investigated  by  x-ray  diffrac¬ 
tion,  HKTEM  and  high-resolution  scanning  electron  micros¬ 
copy  (HRSEM). 

The  CoCrPtCoCrPtSi  dual-magnetic  layered  specimens 
were  deposited  under  the  condition5  to  enhance  the  morpho¬ 
logical  separation  between  magnetic  grains.  Figure  1(a) 
shows  the  plan-view  TEM  image  and  the  selected  area  elec¬ 


tron  diffraction  pattern  of  the  CoCrPt  (15  nm)/CoCrPtSi(15) 
dual-magnetic  layer.  The  crystal  grain  size  of  the  specimen  is 
determined  to  be  28±8.7  nm.  The  magnetic  crystal  grains 
are  grown  to  form  chainlike  clusters.  The  average  separation 
distance  between  the  clusters  is  4.5  ±0.4  nm.  The  surface 
morphology  of  the  Cr  underlayer  deposited  under  the  high  Ar 
gas  pressure  of  28  mTorr  was  observed  using  HRSEM  [Fig. 
1(b)],  Some  of  the  Cr  crystal  grains  come  in  contact  with 
each  other  and  form  chainlike  clusters.  The  result  indicates 
that  the  chainlike  structure  of  the  magnetic  grains  are  due  to 
the  anisotropic  alignment  of  Cr  crystals,  which  was  caused 
by  an  anisotropic  crystal  growth  parallel  to  the  film  plane  of 
each  Cr  grain.  The  crystal  directions,  of  magnetic  grains  are 
randomly  oriented  in  the  plane  judging  from  the  ring-shaped 
diffraction  pattern  shown  in  Fig.  1.  However,  as  the  magnetic 
coupling  between  the  grains  is  stronger  along  the  chain,  each 
cluster  consisting  of  several  magnetic  grains  tends  to  behave 
as  a  one  unit  when  magnetized.6 

In  the  specimens,  a  single  magnetic  grain  was  observed 
to  be  grown  on  each  Cr  columnar  crystal,  and  no  subgrain 
structure  was  observed.5  It  seems  that  only  one  nucleation 
site  of  magnetic  grain  exists  on  each  Cr  crystal  grain.  A 
cross-sectional  HRTEM  image  of  the  CoCrPt(25  nm)/ 
CoCrPtSi  (5  )/Cr(  150)  specimen  is  shown  in  Fig.  2.  The  crys¬ 
talline  orientation  relationships  were  determined  by  taking 
into  account  the  symmetry  and  the  interplaner  distance  ratios 
of  lattice  image  lines  as  shown  in  this  figure.  The  CoCrPtSi 
and  the  CoCrPt  grains  are  epitaxially  grown  on  individually 
isolated  columnar  of  Cr  crystal  with  a  relationship  of 

hcp(1011)cW/»M«011)cocW/bcc(nO)0 .  (1) 

The  lattice  image  lines  are  bent  at  the  interface  between  the 
Cr  and  the  CoCrPtSi  layers  and  at  the  interface  of  the 
CoCrPtSi  and  the  CoCrPt  layers  [Fig.  2(b)].  The  dislocations 
are  observed  at  the  boundary  between  the  Cr  and  CoCrPtSi 
as  shown  for  example  in  Fig.  2(b)  by  a  black  arrow.  These 
dislocations  were  probably  introduced  to  accommodate  the 
lattice  misfit  between  both  layers  or  the  surface  roughness  of 
Cr  columnar  crystal.  On  the  other  hand,  no  dear  dislocation 
is  observed  at  the  interface  between  tire  two  magnetic  layers. 
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FIG.  1.  (•)  Plan-view  TEM  image  and  refected  area  election  diffraction 
pattern  of  CoCrPt  (13  nm)/CoCrPISM13)  dual-magnetic  layer,  (b)  HRSEM 
image  of  surface  morphology  of  Cr  underlayer  depoaited  under  a  high  Ar 
gas  pressure  of  28  mTorr. 

This  is  probably  due  fo  the  small  difference  in  the  lattice 
constants  between  the  magnetic  layers  of  less  than  2%.  The  c 
axis,  which  is  the  magnetization  easy  axis,  of  hep  magnetic 
crystal  is  lying  in  the  same  direction  for  the  epitaxially 
grown  two  magnetic  crystals.  The  c  axis  of  magnetic  crystal 
grain  shown  in  Fig.  2(a)  is  aligned  at  an  angle  of  28°  with 
respect  to  the  interface  between  the  CoCrPtSi  and  the  Cr 
layers. 

The  compositional  microstructure  of  a  dual-layered  film 
was  investigated  using  a  high-spatial-resolution  TEM  (300 
ItV)  equipped  with  an  energy  dispersion  x-ray  analyzer 
(EDX).  The  probe  diameter  was  2  nm  in  this  present  analy¬ 
sis.  The  local  compositions  were  measured  along  a  crystal¬ 
line  column  as  shown  in  the  schematic  picture  inserted  in 
Fig.  3.  The  variations  of  Co,  Cr,  and  Pt  concentrations  in  the 
CoCrPt(25  nm)/CoCrPtSi(5)  specimen  are  shown  in  this  fig¬ 
ure  as  a  function  of  distance  from  the  interface  between  the 
Cr  underlayer  and  the  CoCrPtSi  layer.  The  dotted  lines  in 
Fig.  3  give  the  average  concentrations  of  Co,  Cr,  and  Pt 
elements  estimated  from  bulk  sample  compositions.  In  the  Cr 
underlayer,  only  the  Cr  element  was  detected.  The  Co  and  Cr 
concentrations  show  sharp  changes  at  the  interface  between 
the  Cr  underlayer  and  the  CoCrPtSi  layer  as  well  as  at  the 
interface  between  the  two  magnetic  layers.  On  the  other 
hand,  the  variation  of  the  Pt  concentration  is  much  broader 
than  those  of  the  Co  and  Cr  in  the  vicinity  of  the  stacked 
magnetic  layers.  This  result  indicates  that  some  Pt  atoms 
have  diffused  from  the  CoCrPt  layer  into  the  CoCrPtSi  layer 
through  the  interface.  A  small  peak  of  Si  was  also  observed 
around  the  CoCrPtSi  layer  in  EDX  spectrum.  This  Si  peak 
was  overlapped  with  a  subpeak  of  PL  The  Si  intensity  was 
estimated  using  a  peak  separation  technique  through  com¬ 
puter  processing.  The  Si  intensity  seemed  to  be  increased 
near  the  interface  between  the  stacked  magnetic  layers. 
These  results  suggest  that  a  very  thin  layer  whose  composi- 


FIG.  2.  Cross-sectional  HRTEM  image  of  CoCrPl(25  nm)/CoCrPtSi(5)/ 
0(150)  specimen. 

lion  is  different  from  either  of  the  CoCrPt  and  the  CoCrPtSi 
layers  may  have  formed  near  the  interface  between  the 
stacked  magnetic  layers. 

The  coercivity  values,  Hc ,  of  CbCrPt/CoCrPtSi  dual- 
magnetic-layered  media  deposited  on  glass  substrates 
showed  nonlinear  variation  when  the  thickness  ratio  between 
the  stacked  magnetic  layers  was  changed  while  keeping  the 
total  magnetic  layer  thickness  to  be  constant.5  It  is  not  easy 
to  clarify  the  origin  of  the  nonlinear  behavior  of  Hc  in  the 
duai-magnetic-layered  films,  because  these  specimens  have 
polycrystalline  structures,  which  mean  random  distributions 
in  the  direction  of  magnetization  easy  axis.  Therefore,  we 
prepared  single-crystalline  specimens  of  the  dual-magnetic 
layers  employing  the  epitaxial  growth  technique.5  The  Co/Cr 
bilayer  thin  film  has  been  epitaxially  grown  on  the  MgO 
(110)  single-crystal  substrate  with  the  crystallographic  rela¬ 
tionship  of 

( 1 1 00 )[000 1  w/(21 1  )[01 1  ]c//a  lOHOOl  ]MsD  .  (2) 

Here,  the  c  axis  of  Co  layer  lies  along  only  one  direction 
parallel  to  the  film  plane  throughout  the  Co  layer.  We  depos¬ 
ited  the  CoCrPt/CoCrPtS  i  dual-magnetic-layered  films  on 
MgO  (110)  substrates.  In  the  x-ray  diffraction  investigation 
of  a  CoCrPt(15  nm)/CoCrPtSi(15)/Cr(50)  film,  only  bcc 
(211)  peak  from  the  Cr  underlayer  and  peaks  corresponding 
only  to  the  hep  (1010)  in  the  CoCrPt  and  CoCrPtSi  layers 
were  observed.  The  specimen  was  confirmed  to  be  epitaxi- 


j 


I 


X  AppL  Fhys..  VW.  78,  No.  10,  IS  May  1894 


mob***.  0127 


FIO.  3.  Vsnaooos  of  Co.  Cr,  Pi  ooaccotntioin  in  CoCrPl  (23  fun)/ 
CoCrPtSRS)  yrnnai  as  a  fanctioo  of  analysis  position. 


ally  grown  on  the  MgO  substrate  with  the  same  crystallo¬ 
graphic  relationship  of  Eq.  (2).  The  magnetic  properties  of 
the  specimen  were  measured  using  VSM.  The  [0001]  and 
[1120]  axes  in  the  magnetic  layer  were  determined  to  be  the 
magnetization  easy  axis  and  the  hard  axis,  respectively.  The 
value  of  the  magnetocrystaUine  anisotropy,  K.  ,  of  the  dual- 
magnetic-layered  specimen  was  estimated  from  the  M-H 
curves  to  be  4X 106  erg/cm3.  This  value  is  equivalent  to  that 
of  Co.  Using  the  epitaxial  growth  technique,  we  also  pre¬ 
pared  a  single-crystalline  CoCrPtSi  film  of  30  nm  duck.  The 
K„  of  the  CoCrPtSi  film  was  determined  to  be  2X10* 
erg/cm3.  The  value  of  Ku  in  the  dual-magnetic- layered  film  is 
twice  as  large  as  that  of  the  CoCrPtSi.  This  increase  of  Km  in 
the  stacked  magnetic  layers  seems  to  be  related  somehow 
with  the  nonlinear  variation  of  H c  of  the  dual-magne tic- 
layered  medium.  The  origin  of  the  increase  of  Km  in  the 
dual-layered  specimens  has  not  yet  been  clarified.  It  is  nec¬ 
essary  to  further  extend  the  study  to  clarify  the  mechanism. 

Since  the  specimens,  as  mentioned  above,  possess  the 
morphologically  isolated  crystal  grains  with  the  average  di¬ 
ameter  of  28  tun,  each  magnetic  grain  is  considered  to  be  a 
single  domain  particle.  Using  the  experimentally  determined 
K ,  values  and  the  Stoner  and  Wohlfarth  model,10  the  Hc 
values  of  die  magnetic  grains  in  the  dual-magnetic-layered 
specimen  and  in  the  CoCrPtSi  film  are  estimated  to  be  4.4 
and  25  kOe,  respectively.  And  also  the  dual-magnetic¬ 
layered  specimens  are  expected  to  have  large  Hc  values  even 
with  very  thin  magnetic  layer  thicknesses,  since  the  large  K, 
reduces  the  influence  of  thermal  fluctuation  of  the  magnetic 
moments.  The  real  coercivity  value  of  a  medium  with  poly- 
crystalline  structure  will  decrease  due  to  the  random  distri¬ 
bution  of  easy  magnetization  axis.  The  coercivity  value  of 


t  (nm) 


FIG.  4.  Magnetic  layer  tbkfacaa  dependence!  of  Hr  for  the  CoCrPtSi, 
CoCrPt,  and  CoQPt/CoGrPtSi  wpocuum. 

the  dual-magnetic-liyered  medium  is  considered  to  be  higher 
than  that  of  single-layer  CoCrPtSi  medium.  It  is  interesting 
to  investigate  how  the  coercivity  value  for  both  the  dual¬ 
layered  and  single-layered  media  changes  when  the  total 
magnetic  layer  thickness  is  varied. 

Figure  4  shows  the  magnetic  layer  thickness  dependence 
of  Hc  measured  for  three  types  of  medium  structures, 
CoCrPt/CoCrPtSi,  CoCrPtSi  and  CoCrPt.  When  the  mag¬ 
netic  layer  thickness  is  20  nm,  the  coercivities  of  the  CoCrPt, 
and  CoCrPtSi  and  the  dual-magnetic-layered  media  show  the 
maximum  values  of  2.6,  1.6,  and  3.5  kOe,  respectively.  This 
maximum  value  of  the  dual-magnetic-layered  medium  is 
smaller  than  the  4.4  kOe  which  is  estimated  from  K,  value  of 
4X10*  erg/cm3.  This  is  mainly  due  to  the  polycrystalline 
structure  in  the  specimen.  The  decrease  in  Hc  with  decreas¬ 
ing  the  magnetic  layer  thickness  below  20  nm  is  probably 
reflecting  the  influence  of  thermal  fluctuation  in  the  magnetic 
moments.  However,  the  dual-magnetic-layered  specimen 
possesses  a  large  Hc  of  around  3.0  kOe  at  a  very  thin  thick¬ 
ness  of  10  nm,  which  is  1.5  or  3  times  as  large  as  those  of 
single-layer  specimens.  The  dual-magnetic-layered  medium 
is  very  promising  for  high  areal  density  longitudinal  mag¬ 
netic  recording. 
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Bicrystal  advanced  thln-flfm  madia  for  high  density  recording 

Tai  Mir  and  JlarvOang  Zhu 

Center  far  Vtrmmagnrtirt  and  taformnUom  Technology,  Department  of  Electrical  Engineering, 

Utmenay  afUmneaota,  Ukmeapolit,  Mmnexea  55455 

A  new  type  at  thia-fihn  »«"*«(  media  with  advanced  microstnicture:  the  bicrystal  film,  has  been 
studied  experimeuuBy  The  easy  axes  of  the  bicrystal  films  are  oriented  along  two  specified 
orthogonal  directioaa  ia  the  fita  plane.  In  this  study,  an  UF  angle  crystal  substrate  with  (100) 
orientation  ia  atffised  to  eMa  the  Cr  monocrystal  underlayer  with  (100)  orientation,  and  on  top  of 
the  (100)0  underlayer  the  CoOrTh  with  (1120)  texture  was  grown  epitaxially.  X-ray  and 
tranaaaiaahm  electron  microacopy  (TEM)  diffraction  studies  confirm  the  fabricated  thin-film  media 
has  the  biaystti  aaacnetnacture.  The  magnetir  properties  of  the  bicrystal  films  have  demonstrated 
very  high  coercivity  (Hc~ 3000  Oe)  and  coercive  and  remanent  squareness  (5*— 0.9, 5-0.9),  all 
desired  for  high  areal  density  magnetic  recording.  The  in-plane  hysteresis  loops  of  the  fabricated 
films  show  fourfold  symmetry  which  is  the  characteristic  of  the  bicrystal  microstructure.  The  effects 
of  Cr  underlayer  thickness  on  the  magnetic  properties  of  the  bicrystal  film  has  also  been  studied. 

of  the  (100)  Cr  monolayer  which  will  in  turn  enhance  the 
magnetic  properties  of  the  fabricated  bicrystal  film. 

SAMPLE  PREPARATION 

In  this  study,  the  Cr  underlayer  and  CoCrI4Ta2  magnetic 
films  were  dc  and  rf  magnetron  sputtered  in  a  Te  mescal  sput¬ 
tering  system  which  has  a  base  pressure  ~2  X  10  8  Ton 
The  argon  sputtering  gas  pressure  for  both  Cr  and  CoCrTa 
was  8  mTbrr.  The  sputtering  rates  for  Cr  and  CoCrTa  were 
400  and  560  A/min,  respectively.  During  the  deposition  of 
CoCrTk  film  the  substrate  was  biased  at  -60  V.  The  sub¬ 
strate  was  heated  by  a  four  set  of  quartz  lamp  to  320  °C 
before  deposition  of  the  Cr  underlayer.  The  crystallographic 
structures  of  the  films  were  studied  by  x-ray  and  TEM  dif¬ 
fractions.  The  thickness  of  the  CoCrTa  magnetic  films  is 
fixed  at  225  A  ■vhile  the  Cr  underlayer  thickness  has  been 
varied.  The  UF  single  crystal  with  (100)  orientation  was 
used  as  a  substrate  and  was  air  cleaved  before  deposition. 
Along  with  the  UF  substrate,  a  Coming  No.  2  glass  substrate 
was  also  used  to  fabricate  the  planar  isotropic  film  which  can 
be  used  as  a  comparison. 

RESULTS  AND  DISCUSSIONS 

The  UF  single  crystal  has  fee  structure  with  a  4.01 -A 
lattice  constant.  The  atomic  distances  between  U+-U+  and 
F“-F~  are  2.84  A,  very  close  to  the  lattice  constant  2.88  A 
of  bee  Cr.  Strong  epitaxy  growth  of  (100)  Cr  on  (100)  UF 
can  be  expected  with  the  following  orientation  relationship: 
(100)[001  )Cr//(I00)[0nJUF.  If  the  Cr  film  grows  epitaxially 
on  the  (100)  UF  substrate,  it  should  have  a  strong  (100) 
texture  with  the  [001]  direction  pointed  to  the  same  direc¬ 
tion.  The  obtained  Cr  underlayer  should  possess  a  fourfold 
in-plane  orientation  symmetry.  On  top  of  the  (100)  Cr  mono- 
layer,  the  epitaxial  growth  of  the  CoCrTa  film  will  have  the 
orientation  relationship:  (1120)[0001)CoCrTa//(100)(011)Cr 
The  c  axis  of  the  (1120)  CoQTk  grain  orients  in-plane  and 
along  either  the  [011]  or  [Oil]  direction  of  the  (100)  Cr, 
resulting  in  the  bicrystal  microstnicture.  The  bicrystal  micro- 
structure  should  possess  a  fourfold  in-plane  symmetry  which 
will  characterize  in-plane  magnetic  properties  of  the  film. 


INTRODUCTION 

To  achieve  10-Gbit/in.z  recording  areal  density,  the  bit 
length  and  the  track  width  are  both  erpected  to  decrease 
dramatically.  This  requires  the  future  thin-film  media  to  have 
high  coercivity  (Hc),  coercive  and  remanent  squareness  (5* 
and  5),  and  low  media  noise,  is  well  as  excellent  narrow 
track  recording  performance  at  the  same  time.  The  current 
thin-film  media  has  difficulty  to  meet  these  high  standard 
requirements,  e.g.,  in  the  IBM  1  Gbit/in.2  demonstration,1  5* 
has  to  be  sacrificed  (-0.75)  in  order  to  lower  the  media 
noise.  The  micromagnet ic  computer  modeling  study2  has 
shown  that  if  the  thin-film  media  has  the  bicrystal  micro¬ 
stnicture,  the  media  with  high  Hc  ,5*,5,  low  media  noise 
along  with  excellent  side-written  behavior  can  be  achieved  at 
once.  The  easy  axes  of  the  crystallites  of  die  bicrystal  film 
are  oriented  along  two  specified  orthogonal  directions  inside 
the  film  plane.  This  kind  of  special  easy  axis  orientation  can 
be  obtained  by  epitaxially  growing  (1120)  CoCrTa  on  the 
(100)  Cr  monocrystal  which  enables  the  easy  axes  the 
CoCrTa  crystallites  to  locate  in  die  film  plane  and  orient 
along  the  [011]  or  [011]  direction  of  (100)  Cr.  The  modeling 
study  has  suggested  that  the  in- plane  magnetic  properly  of 
the  thin  film  with  the  bicrystal  microstnicture  should  have 
additional  anisotropy,  i.e.,  the  hysteresis  loop  along  45°  to 
one  of  the  c-axis  direction  (effective  easy  axis)  is  a  very 
square  one  white  the  loop  along  one  of  the  c-axis  direction 
has  lower //c,5°,  and  5. 2  la  addition,  the  Hc  and  5*  of  the 
bicrystal  film  along  the  effective  easy  axis  are  higher  than  the 
planar  isotropic  film,  while  the  noise  power  at  high  density  is 
lower  than  both  planar  isotropic  and  well-oriented  films. 

1b  obtain  die  bicrystal  thin-film  media  experimentally, 
successful  fabrication  of  the  (100)  Cr  monocrystal  is  the  key 
for  die  epitaxy  growth  of  the  (1120)  Co  alloy.  The  NaCl 
single  crystal  with  (100)  orientation  has  been  attempted.3 
Even  though  the  microstructure  of  the  film  deposited  on  the 
(100)  NaO  substrate  has  been  shown  to  have  the  bicrystal 
microstnicture,  the  magnetic  properties  of  the  film  are  very 
poor  (flc  is  lower  than  the  planar  isotropic  film),  lb  fully 
realize  the  advantages  of  the  bicrystal  microstructure,  a  new 
type  of  substrate:  UF  single  crystal  with  (100)  orientation, 
has  been  tried  in  this  study  to  improve  the  epitaxial  growth 
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The  x-ray  diffraction  spectrum  of  the  CoCrTa/Cr  film 
deposited  in  the  LiF  substrate  is  shown  in  Fig.  1.  The 
CoCrTa  and  Cr  thicknesses  are  225  and  450  A,  respectively. 
Figure  1  shows  that  the  Cr  underlayer  has  strong  (200)  ori¬ 
entation  and  the  CoCrTa  has  (1120)  texture,  different  from 
the  planar  isotropic  film  deposited  on  a  glass  substrate  in 
which  the  Cr  has  (110)  and  the  CoCrTa  (1010)  and  (1011) 
texture.  This  result  indicates  that  by  utilizing  the  (100)  LiF 
single  crystal  substrate,  the  texture  of  the  Cr  underlayer  can 
be  changed  from  (110)  to  (100).  As  a  consequence,  the  tex¬ 
ture  of  CoCrTa  can  be  changed  from  (1010)  and  (10il)  to 
(1120).  The  in-plane  crystallographic  orientation  of 
CoCrTa/Cr  film  deposited  on  LiF  can  be  verified  by  the  TEM 
diffraction  pattern,  as  shown  in  Fig.  2(a),  which  clearly  dem¬ 
onstrates  that  the  miciostructure  of  the  film  has  a  high  degree 
in-plane  orientation  with  fourfold  symmetry.  The  TEM  dif¬ 
fraction  pattern  can  be  considered  as  a  superimposition  of 
one  (100)[001]  Cr  orientation  and  two  (1120)[0001]  CoCrTa 
orientations  with  the  two  [0001]  directions  perpendicular  to 
each  other,  as  illustrated  in  Fig.  2(b).  The  equal  intensity  of 
the  diffraction  spots  shown  in  Fig.  2(a)  suggests  that  the  c 
axis  of  the  CoCrTa  grains  has  a  50%  chance  oriented  along 
either  [011]  or  [Oil]  of  the  (100)  Cr  monolayer.  The  TEM 
diffraction  pattern  confirms  that  the  CoCrTWCr  deposited  on 
LiF  indeed  has  the  bicrystal  mkrostructure. 

The  in-plane  hysteresis  loops  of  the  bicrystal  film  with 
225-A-thick  CoCrTa  on  900-A-thick  Cr  underlayer  are 
shown  in  Fig.  3,  where  9  is  the  angle  with  respect  to  one  of 
the  c  axis.  Figure  3  shows  that  the  hysteresis  loop  along  the 
9=45°  direction,  denoted  as  an  effective  easy  axis,  exhibits 
very  high  coercrvity  Hc= 3153  Oe,  high  S*=0.93,  and 
5=0.88.  For  the  CoCrTa  type  of  thin-film  media,  the  coer- 
civity  higher  than  2000  Oe  has  not  yet  been  reported  and  the 
5*  is  usually  very  low  for  the  film  deposited  at  the  high 
substrate  temperature  on  the  NiP  substrate.4  This  result  indi¬ 
cates  that  for  the  film  with  the  bicrystal  substrate,  significant 
enhancement  of  Hc  along  with  high  S*  and  5  can  be  ob¬ 
tained.  The  in-plane  crystalline  anisotropy  resulting  from  the 
bicrystal  mkrostructure  can  be  verified  by  the  in-plane  hys¬ 
teresis  loops  measured  along  different  directions.  Figure  4 
shows  the  coercivity  as  a  function  of  angle  9  for  the  bicrystal 
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FIG,  2.  (a)  TEM  diffraction  pattern  of  a  typical  CoCrTa  bicrystal  thin  film; 
(b)  schematic  drawing  of  the  superimposed  components  of  the  TEM  pattern. 


FIG.  3.  Hysteresis  loops  along  the  effective  easy  (#-45*)  and  hard  (#-0*) 
axes  of  a  typical  CoCrTi  bicrystal  fihn. 
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FIG.  4.  In-plan cHc  as  a  function  of  angft  with  respect  to  ooc  of  the  c  axes. 

film  with  225-A-thick  CoCrTa  and  300-A-thick  Cr  underlay¬ 
ers  which  show  excellent  in-plane  fourfold  symmetry,  every 
90°  the  Hc  value  repeats  itself.  The  5*  and  S  also  show 
in-plane  fourfold  symmetry  even  though  they  are  not  shown 
in  this  paper.5 

The  effects  of  Cr  underlayer  thickness  on  the  magnetic 
properties  of  bicrystal  film  were  also  studied.  The  CoCrTa 
thickness  is  fixed  at  22S  A  and  the  Cr  underlayer  thickness  is 
varied  from  0  to  2400  A  The  ooercivides  of  the  bicrystal 
films  on  various  Cr  underlayer  thickness  are  shown  in  Fig.  S. 
Also  included  in  the  figure  are  the  coercivities  of  the  planar 
isotropic  films  deposited  on  a  glass  substrate,  represented  by 
triangles.  The  Hc  of  the  isotropic  films  increases  rapidly  as 
the  Cr  underlayer  increasing  from  0  to  300  A  and  then  stays 
virtually  constant  at  around  1600  Oe.  For  the  film  deposited 
on  a  UF  substrate,  at  zero  or  very  thin  (25  A)  Cr  thickness, 
the  Hc  is  low  and  the  difference  between  the  loops  along  the 
effective  easy  and  hard  axes  is  negligible.  As  the  Cr  under¬ 
layer  becomes  thicker  than  50  A,  the  difference  between  the 
hysteresis  loops  along  effective  easy  and  hard  axes  starts  to 
appear.  As  shown  by  Fig.  5,  the  Hc  along  the  effective  easy 


FIG.  5.  The  measured  Hcn  G  underlayer  Thirknr  M  to  the  bicryatal  films 
(dicks)  tad  ptaaar  isotropic  Sims  (triangles). 


FIG.  6.  The  measured  S*  vs  Cr  underlayer  thickness  for  the  bicry stai  Aims 
(rirdes)  and  planar  isotropic  films  (triangles). 

axis  (filled  circles)  increases  dramatically  from  1500  Oe  at 
50-A-thick  Cr  to  about  3000  Oe  at  900-A-thick  Cr  and  re¬ 
mains  at  this  high  value  for  the  thicker  Cr  underlayer.  The 
Hc  along  the  effective  hard  axis  also  increases  from  about 
1000  to  about  2500  Oe  during  the  same  range  of  increasing 
Cr  thickness.  Interestingly,  at  the  thick  Cr  even  the  coercivity 
along  the  effective  hard  axis  is  much  higher  than  the  planar 
isotropic  films.  The  coercive  squareness  (S')  of  the  films 
deposited  on  the  LiF  and  glass  substrate  are  plotted  in  Fig.  6. 
The  S*  of  the  bicrystal  films  along  an  effective  easy  axis 
rises  rapidly  from  0.65  at  0-A-thick  Cr  to  0.95  at  1S0-A- 
thick  Cr  and  then  decreases  slightly  to  0.92  as  the  Cr  under¬ 
layer  grows  to  2400  A  The  S *  along  the  effective  hard  axis 
shows  quite  different  behavior,  it  increases  rapidly  at  an  ini¬ 
tial  increase  of  Cr  thickness  (from  0  to  300  A)  and  then 
decreases  into  a  very  low  value  for  very  thick  Cr. 

CONCLUSIONS 

CoCrTa  bicrystal  films  have  been  successfully  fabricated 
on  (100)  LiF  single  crystal  substrates.  The  in-plane  hyster¬ 
esis  loops  have  demonstrated  a  fourfold  symmetry  which  is 
the  characteristic  of  the  bicrystal  microstructure.  X-ray  and 
TEM  diffraction  studies  have  been  performed  to  confirm  that 
the  obtained  films  have  bicrystal  microstructure.  It  is  found 
that  the  CoCrTa  bicrystal  films  can  have  very  high  coercivity 
(—3000  Oe)  along  with  high  5*(— 0.9)  and  S(— 0.9).  The 
effects  of  Cr  underlayer  thickness  on  the  magnetic  properties 
of  the  bicrystal  films  have  also  been  investigated.  It  shows 
that  starting  from  the  very  thin  Cr  underlayer,  the  bicrystal 
film  with  high  HC,S *,  and  S  can  be  obtained. 
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AFM  structure  and  media  noise  of  SmCo/Cr  thin  films  and  hard  disks 
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Longitudinal  media  for  uitrahigh  density  recording  require  a  high  coercivity  and  a  low  medium 
noise.  While  the  coercivity  is  controlled  mainly  by  the  chemical  composition  of  the  alloy,  the 
medium  noise  is  influenced  significantly  by  the  microstructure  of  the  underlayer.  Wb  used  atomic 
force  microscopy  (AFM)  to  study  the  microstructure  of  Cr  underlayers  and  SmCo  magnetic  films. 

The  AFM  study  shows  that  the  Cr  grains  have  elongated  “rice "-like  granular  features  whereas  the 
SmCo  grains  without  an  underlayer  appear  circular  with  nonuniform  grain  size.  The  Cr  underlayer 
grows  as  well  isolated  columns  with  voids.  When  thin  SmCo  films  (<20  nm)  were  deposited  on  the 
thin  Cr  (<35  nm)  underlayers  the  SmCo  grains  were  found  to  replicate  the  isolated,  columnar 
structure  of  the  underlayer.  The  intergranular  exchange  interaction  and  the  recording  media  noise  of 
SmCo/Cr  thin  films  decreased  with  a  decreasing  thickness  of  the  Cr  underlayer.  The  medium  noise 
of  high  coercivity  SmCo/Cr  hard  disks  prepared  on  thin  Cr  underlayers  remained  almost  flat  with  no 
supralinear  increase  when  tested  up  to  2760  fc/mm  (70  kfci). 


INTRODUCTION 

Longitudinal  thin-film  metal  media  for  uitrahigh  record' 
ing  densities  require  an  extremely  sharp  and  narrow  transi¬ 
tion  width.1,2  This  requirement  is  achievable  if  the  magnetic 
film  is  thin,  has  a  high  coercivity,  and  is  composed  of  mag¬ 
netically  noninteracting  grains.'1'4  Chromium  thin  films  are 
commonly  used  as  an  underlayer  for  Co-alloy  media  since  Cr 
can  be  grown  with  (110)  or  (200)  textures  which  Jjtovide  a 
close  epitaxial  match  to  the  {1010},  {10il},  or  {1120}  planes 
of  the  hep  Co-alloy  films.5  This  epitaxy  promotes  in-plane 
orientation  of  the  c  axis  of  hexagonal  Co-alloy  films.  Since 
the  grain  size,  crystallographic  texture,  and  morphology  of 
the  magnetic  films  are  largely  determined  by  the  correspond¬ 
ing  properties  of  the  Cr  underlayer,  it  is  very  important  to 
understand  the  variation  of  the  Cr  grain  size  and  morphology 
with  its  thickness  and  other  sputtering  process  parameters. 
We  reported  earlier  that  SmCo,  films  grown  on  the  Cr  un¬ 
derlayer  show  a  high  coercivity6  and  a  low  medium  noise  at 
high  recording  densities.7 

We  report  here  the  microstructure  of  Cr  underlayers 
sputtered  on  glass  substrates,  and  SmCo  films  grown  on  the 
Cr  underlayers.  The  microstructure  of  pure  Cr  films  with 
respect  to  the  sputtering  process  parameters  have  been  stud¬ 
ied  in  the  past  by  using  conventional  scanning  electron  mi¬ 
croscopy  (SEM)  and  transmission  electron  microscopy 
(TEM)  techniques  for  thick  (25  poof  and  thin  (SO  nm-4 
Itmf  films.  AFM  has  the  advantage  of  showing  the  surface 
morphological  features  of  thin  films  better  than  SEM  and 
TEM,  since  sub-angstrom  lateral  resolution  is  possible  when 
the  appropriate  AFM  scan  probe  tip  is  used.10  Also,  the  di¬ 
mensions  of  features  in  the  z  direction  can  be  measured  ac¬ 
curately  which  is  not  possible  by  the  other  two  techniques. 
We  also  report  the  correlation  of  the  recording  noise  charac¬ 
teristics  to  the  AFM  microstructure  for  media  with  various 
Cr  underlayer  thicknesses. 


EXPERIMENTAL  PROCEDURE 

Chromium  films  were  if  diode  sputtered  onto  7059 
Corning  glass  substrates  from  pure  (99.9%)  Cr  targets  in  a 
Leybold  Heraeus  Z-650  sputtering  system.  The  films  were 
prepared  at  10-mTorr  argon  pressure  with  a  sputtering  rate  of 
35  nm  per  minute  and  with  no  substrate  heating.  The  SmCo 
films  were  sputtered  at  20-mTorr  argon  pressure  at  a  sputter¬ 
ing  rate  of  14  nm  per  minute.4  The  use  of  these  sputtering 
parameters  in  our  earlier  studies  resulted  in  SmCo/Cr  media 
with  a  high  coercivity  and  a  low  medium  noise.6,7  The  mi¬ 
crostructure  of  Cr,  SmCo,  and  SmCo/Cr  films  were  studied 
with  a  Digital  Nanoscope  III  scanning  probe  microscope  in 
contact  mode  with  4-nN  repulsive  force  using  silicon  nitride 
pyramidal  tips  and  electron  beam  contamination  tips.  The 
intergranular  magnetic  exchange  interaction  in  SmCo/Cr 
films  were  evaluated  by  obtaining  delta -M(H)  plots  from 
forward  and  reverse  magnetization  curves.  The  experimental 
procedures  for  the  disk  fabrication  and  for  the  recording 
characterization  are  the  same  as  those  described  in  our  earlier 
publication.7 

RESULTS  AND  DISCUSSION 

In  Fig.  1,  the  surface  morphological  features  of  Cr  thin 
films  as  a  function  of  their  thickness  are  displayed  in  both 
two-  and  three-dimensional  micrographs.  In  the  two- 
dimensional  view  the  Cr  crystallites  vividly  appear  to  have  a 
rice-like  shape,  while  in  the  three-dimensional  view  the  Cr 
grains  appear  as  nodules  with  a  rounded  morphology.  This  is 
particularly  true  for  films  of  smaller  thicknesses  (<105  nm). 
The  grain  size  of  Cr  is  seen  to  increase  with  its  thickness,  but 
the  grain  shape  and  the  void  structure  isolating  the  Cr  grains 
remain  almost  the  same  even  for  thick  Cr  films.  X-ray  dif¬ 
fraction  results  of  these  films  revealed  that  they  all  had  only 
(110)  crystalline  texure.  In  Fig.  2  the  microstructure  of 
SmCo,  films  of  varying  thickness  prepared  on  glass  sub¬ 
strates  with  no  underlayer  are  shown.  The  shapes  of  SmCo 
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FIG.  1  Atomic  Come  micrograph*  of  O  that  films  on  glass  eubmraice. 


FIG.  2.  Atomic  Ion*  micrognpfae  of  SmCo  thin  films  sputtered  oo  gists 


FIG.  3.  Atomic  force  micrographs  of  SmCo  thin  films  sputtered  oo  s  Cr 
underlayer  oo  glass  substrates. 


grains  are  well  rounded  and  appear  distinctly  different  from 
that  of  pure  Cr  films.  The  SmCo  grains  are  well  isolated  with 
voids  when  the  film  is  thin  (<28  nm)  and  a  clustering  of 
grains  is  seen  (dr  thicker  (>42  nm)  SmCo  films.  The  two- 
dimensional  view  of  SmCo  films  shows  a  more  pronounced 
columnar  growth  structure  even  for  films  as  thin  as  14  nm.  In 
Fig  3  the  structure  of  the  28-nm-thick  SmCo  films  sputtered 
onto  35-  and  105-nm-thick  Cr  underlayers  are  shown.  The 
SmCo  grains  grown  on  the  Cr  underlayers  appear  nearly  cir¬ 
cular  and  are  well  isolated  with  voids.  The  grain  size  of  the 
Cr  underlayer  increased  from  15  to  75  nm  as  its  thickness 
varied  from  35  to  350  nm  (Table  I).  It  is  interesting  to  note 
that  when  a  28-nm-thick  SmCo  film  is  grown  on  35-  and 
105-nm  -thick  Cr  underlayers,  the  grain  size  of  SmCo  was 
found  to  increase  from  12  to  20  nm.  The  three-dimensional 
displays  of  SmCo/Cr  films  shown  in  Fig.  3  also  reveal  that 
the  SmCo  films  grown  on  Cr  underlayers  are  well  isolated 
with  voids.  This  columnar  growth  structure  observed  for  Cr, 
SmCo,  and  SmCo/Cr  thin  films  resemble  the  “zone  1  micro¬ 
structure”  reported  for  sputtered  films8  and  evaporated 
films. 11  The  predominantly  unidirectional  flow  of  mass  in  the 
zero  bias  sputtering  process,  coupled  with  substrate  surface 
roughness,  low  adatom  mobility  (absence  of  surface  and  vol¬ 
ume  diffusion),  and  scattering  of  sputtered  atoms  by  sputter¬ 
ing  gas  atoms,  promotes  the  atomic  shadowing  effect  and  a 
growth  of  columnar  microstrucfure.  By  controlling  argon 
pressure,  substrate  temperature,  deposition  rate,  and  film 
thickness,  one  can  control  the  columnar  grain  size  and  the 
width  of  the  void  space  isolating  the  columnar  grains.  This  is 


TABLE  I.  Grain  size  and  surface  roughness  of  Cr  films  sputtered  on  glass  as 
a  function  of  fihn  thickness. 


Cr  film 

Avg.  Grain 
size 
(nm) 

Roughness  values  (nm) 

Peak  to 
valley 

rms 

35 

15 

8.02 

1.00 

105 

30 

14.79 

1.81 

1.47 

350 

75 

36.80 

4.73 

3.76 

blank  glass 

2.78 

0.29 

0.23 
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FIG.  4.  Normalized  medium  nolle  power  vi  linear  recording  density  for 
SmCo  (180)  and  SmCo/Cr  (7A.  84.  and  94)  hard  disks. 

especially  important  in  the  designing  of  low  noise  recording 
media  since  the  isolation  of  magnetic  grains  will  minimize 
the  intergranular  exchange  interaction  effects  in  metallic  thin 
films.  The  two  and  three  dimensional  AFM  views  of  SmCo 
(Fig.  2)  indicate  well  isolated  columnat  panicles.  However, 
the  AFM  probe  tip  scans  only  surface  features  and  any  con¬ 
tacts  among  the  SmCo  columns  at  the  base  will  not  be  ob¬ 
served.  On  the  contrary,  SmCo  films  grown  on  well  sepa¬ 
rated  Cr  columns  result  in  isolated  SmCo  columns  which 
replicate  the  Cr  column  size.  Thus,  the  grains  of  the  SmCo 
films  grown  on  a  Cr  underlayer  of  separated  columnar  struc¬ 
ture  are  effectively  isolated  by  the  nonmagnetic  Cr  at  the 
base  and  by  voids  on  the  sides.  Delta-Af(H)  plots  of  SmCo 
films  prepared  with  and  without  Cr  underlayers  were  mea¬ 
sured.  The  SmCo  films  prepared  with  no  Cr  underlayer  show 
a  large  positive  delta-Af  peak  which  is  indicative  of  a  strong 
interparticle  exchange  interaction.  The  decoupled  films  pre¬ 
pared  on  Cr  films  of  105  nm  showed  slightly  negative  (mag¬ 
netostatic  coupling)  delta-Af  peaks,  while  positive  delta-Af 
peaks  (exchange  coupling)  reappeared  as  the  Cr  films  got 
thicker  (175-350  nm)  indicating  that  the  Cr  columns  had 
grown  together.  Our  experimental  recording  results  are  in 
good  agreement  with  the  delta-Af  and  AFM  microstructure 
observations.  The  normalized  medium  noise  power  versus 
recording  density.  Fig.  4,  first  shows  a  dramatic  reduction  in 
noise  when  a  Cr  underlayer  is  used  and  then  increases  with 
the  Cr  layer  thickness.  This  corresponds  to  an  increase  in  Cr 
grain  size  and  a  decrease  of  the  void  space  with  the  increas¬ 
ing  Cr  layer  thickness  (see  Fig.  1).  Carrier  signal  to  inte¬ 
grated  noise  ratio  measurements7  were  made  for  the  disk 
series  of  Fig.  4.  There  was  a  22  dB  improvement  at  50  kfei 
with  the  use  of  a  350-nm-thick  Cr  underlayer  and  a  further 
gain  of  10  dB  when  a  thinner  Cr  (35  nm)  was  used.  The  use 
of  a  thin  Cr  underlayer  helps  to  keep  the  grain  size  of  the 
magnetic  layer  small.  This  is  essential  in  high  density  record¬ 
ing  as  it  will  help  to  reduce  the  sawtooth  amplitude  at  the 
transition  and  hence  is  favored  to  obtain  sharp  transition 
boundaries.  Also,  the  thin  Cr  underlayer  has  lower  surface 
roughness  (Table  1)  which  facilitates  the  use  of  lower  fly 
height  in  the  design  of  high  density  disk  drives.  In  Fig.  5  is 
shown  the  recording  results  for  a  high  coercivity  SmCo/Cr 
hard  disk  where  a  14-nm- thick  SmCo  film  was  sputtered 


FIG.  S.  Carrier  to  total  integrated  noise  ratio  and  normalized  medium  noise 
power  vs  linear  recording  density  Cor  a  high  coercivity  SmCo/Cr  hard  disk 
prepared  on  a  35-nm-thick  Cr  underlayer. 

onto  a  35-nm-thick  Cr  underlayer.  The  medium  noise  is 
nearly  fiat  up  to  2760  fc/mm  (70  kfei)  with  a  high  carrier  to 
integrated  noise  ratio  of  20  dB. 

CONCLUSIONS 

The  surface  morphological  features  of  SmCo  films  and 
Cr  films  sputtered  on  glass  substrates  are  different.  The  Cr 
grains  have  an  elongated  rice-like  shape  whereas  the  SmCo 
films  have  a  circular  grain  shape.  Thin  SmCo  films  when 
sputtered  on  thin  Cr  underlayers  grow  as  well  isolated  col¬ 
umns  with  voids.  This  structure  brings  about  a  dramatic  re¬ 
duction  in  intergranular  magnetic  exchange  interaction  and 
hence  in  medium  noise  power  for  SmCo/Cr  hard  disks.  The 
intergranular  exchange  interaction  and  medium  noise  power 
decreases  with  a  decreasing  thickness  of  the  Cr  underlayer. 
SmCo/Cr  hard  disks  with  superior  signal-to- noise  ratio  are 
obtained  when  thin  Cr  underlayers  arc  used. 
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Modeling  of  thin-ftlm  media  with  advanced  microstructure  for  ultrahlgh 
density  recording 

Xiao-Guang  Ye  and  Jian-Gang  Zhu 

Department  of  Electrical  Engineering,  University  of  Minnesota,  Minneapolis,  Minnesota  55455 

Magnetic  thin  films  with  subgrain  structure,  or  nanocrytalline  films  are  studied  via  micromagnetic 
modeling.  The  subgrain  nanocrystallites  form  a  bicrystal  structure  inside  a  normal  grain,  due  to 
proper  epitaxial  growth.  It  is  shown  that  a  relatively  small  but  nonzero  exchange  coupling  through 
norma]  grain  boundaries  is  critical  for  obtaining  high  coercive  squareness.  Maintaining  low 
exchange  coupling  between  subgrains  in  a  normal  grain  is  important  for  achieving  low  transition 
noise.  The  calculation  shows  that  films  with  this  microstructure  can  have  S*=»0.95  and  a 
signal-to-noise  ratio  of  36  dB  at  385  KFCI  with  l-/xm  track  width.  Such  film  microstnicture  is 
practically  achievable  in  principle  and  is  suited  for  future  high  recording  density  applications. 


I.  INTRODUCTION 

For  high  density  magnetic  recording,  both  high  signal 
amplitude  and  low  transition  noise  are  critical.  Thus  films 
with  more  advanced  microstructurss  are  required.  Previous 
micromagnetic  modeling  studies  show  that  film  with  ad¬ 
vanced  microstructure,  such  as  bicrystal  film,  can  achieve 
both  high  squareness  of  hysteresis  loop  and  low  media  noise 
at  the  same  time,  however,  with  difficulties  to  implement  in 
the  circular  disk  forms.1  In  this  paper,  a  new  kind  of  mag¬ 
netic  film  with  subgrain  structure,  or  nanocrystalline  film,  is 
studied  via  micromagnetic  modeling. 

A  recent  high-resolution  transmission  electron  micros¬ 
copy  (TEM)  study  has  shown  nanocrystalline  subgrain  struc¬ 
tures  in  Co-alloy  magnetic  thin  films  grown  on  a  (001)  tex¬ 
tured  Cr  underlayer.2  The  hep  Co-alloy  nanocryslallites  are 
epitaxially  grown  on  the  Cr  underlayer  with  the  (1120)  plane 
matching  the  (001)  plane  of  Cr.  The  c  axes  of  the  Co-alloy 
subgrains  within  one  Cr  grain  can  be  either  in  Cr  (110)  or 
(110)  directions,  forming  a  bicrystal  structure  within  each  Cr 
grain.  Clear  physical  separation  between  subgrain  nanocrys¬ 
tallites  has  been  observed  for  CoCrTa  magnetic  film,  which 
could  be  caused  by  Cr  segregation  at  subgrain  boundaries 
inside  a  normal  grain.  A  recent  experimental  study  on  Cr-rich 
CoCrPt  magnetic  film  has  also  shown  high  squareness  of 
hysteresis  loops  and  very  low  media  noise.3  It  is  speculated 
that  high  Cr  concentration  causes  phase  segregation  inside 
normal  grains,  thereby  weakening  the  exchange  interaction 
between  subgrains  and  resulting  in  low  recording  noise. 

In  this  paper,  micromagnetic  modeling  is  utilized  to 
study  the  magnetic  hysteresis  and  recording  properties  of 
films  with  nanoscale  subgrain  structure.  The  focus  is  on  how 
to  achieve  high  coercive  squareness  and  low  medium  noise 
at  the  same  time. 

II.  MODEL 

A  previously  developed  micromagnetic  model  is  ex¬ 
tended  to  study  the  modeled  film.4  A  nanocrystalline  mag¬ 
netic  film  is  represented  by  a  2D  array  of  hexagons  closely 
packed  on  a  triangular  lattice.  Each  hexagon  represents  a 
magnetic  subgrain.  A  cluster  of  seven  subgrains  forms  a 
single  normal  grain,  as  shown  in  Fig.  1.  In  the  case  of 
CoCrTa  (1120)  epitaxially  grown  on  the  (001)  plane  of  Cr, 


each  normal  grain  corresponds  to  a  cluster  of  subgrains 
grown  on  top  of  a  Cr  underlayer  column.  The  normal  grain 
size,  which  is  determined  by  the  column  size  of  the  Cr  un¬ 
derlayer,  is  assumed  to  be  200  A  in  the  calculation.  The 
medium  thickness  is  also  assumed  to  be  200  A.  The  mag¬ 
netic  easy  axis  of  the  subgrains  are  oriented  in  two  orthogo¬ 
nal  directions  in  the  film  plane,  forming  a  hirrvstal  structure 
within  each  normal  grain.  The  principle  orientation  of  nor¬ 
mal  grains  is  assumed  to  be  random  in  the  film  plane,  so  the 
overall  magnetic  properties  of  the  nanocrystalline  films  are 
planar  isotropic.  The  calculation  array  contains  48X  48  nor¬ 
mal  grains,  i.e.,  128X128  nanocrystallites.  The  exchange 
coupling  between  subgrains  inside  a  normal  grain,  denoted 
by  he _in,  and  the  exchange  coupling  between  subgrains  on 
the  boundary  of  normal  grains,  denoted  by  hc  car,  be 
chosen  independently  in  the  model,  as  illustrated  in  Fig.  1. 
The  magnetic  parameters  of  the  simulated  films  are  chosen  to 
represent  a  high  anisotropy,  low  M,  medium.  Assuming  the 
saturation  magnetization  M,=375  emu/cm3  and  the  aniso¬ 
tropy  constant  K  =  1.4X106  erg/cm3,  then  the  crystalline  an¬ 
isotropy  field  is  Hk=2KIMs=15QO  Oe  and  therefore  the 
magnetostatic  interaction  constant  is  hm  =  MJHk= 0.05. 

Since  the  Cr  underlayer  can  yield  a  voided  structure  in 
the  magnetic  film,  one  may  assume  hr  M  to  be  relatively 
small.  However,  for  some  Cr-rich  Co-alloy  magnetic  thin 
films,  phase  segregation  may  occur  inside  a  normal  magnetic 
grain,  forming  a  Cr-rich  area  on  the  subgrain  boundaries  in¬ 
side  the  grain.  This  can  effectively  weaken  the  exchange  in- 


F1G.  1.  Modeling  of  nanocrysullioe  films. 
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FIG.  2.  Calculated  hysteresis  loop  for  nanocrystailine  films  with  ht  m 
=  0.1,hftm  =  0.05. 

teraction  between  the  subgrains  inside  the  normal  grain. 
Thus  the  parameter  ht  m  can  vary  over  quite  a  wide  range  of 
values. 

The  hysteresis  loops  are  calculated  by  decreasing  the 
external  field  quasistatically  from  the  saturation  direction. 
Dibit  magnetization  transition  pairs  are  simulated  by  utiliz¬ 
ing  the  2D  Karlqvist  head  field  to  study  the  recording  per¬ 
formance.  Periodic  boundary  conditions  are  applied  so  that 
the  track  edge  effect  can  be  disregarded.  The  fast  Fourier 
transformation  method  is  used  to  calculate  the  long-range 
magnetostatic  interaction.  Most  of  the  calculations  are  per¬ 
formed  on  a  CM-200  Connection  Machine. 

III.  HYSTERESIS  PROPERTIES 

The  calculations  show  that  high  coercive  squareness  can 
be  obtained  for  the  nanocrystailine  films  when  the  two  ex¬ 
change  coupling  constants  are  appropriately  selected.  The 
hysteresis  loop  with  he  ^  =  0.1  and  k,  „  =  0.05  is  shown 
in  Fig.  2.  Hysteresis  coercivity  is  //c=0.43ff*=3200  Oe. 
Coercive  squareness  of  S*=0. 94  is  achieved.  It  is  found  that 
a  small  but  nonzero  exchange  coupling  through  the  normal 
grain  boundaries,  ht  is  critical  for  achieving  high  coer¬ 
cive  squareness  in  the  modeled  nanocrystailine  films.  The 
effect  of  exchange  coupling  constants  on  coercive  squareness 


FIG.  3.  Effect  of  exchange  coupling  inside  the  normal  grain  on  coercive 
squareness  of  nanocryttaUine  films  with  hr  ^  =  0.05  and  ht  m 
-  0.0. 


FIG.  4.  Typical  dibit  magnetization  pattern  at  5=0.13  /on  for  nanocrystal¬ 
line  film  with  A,  *=0.1,4,  <m  ~  O-OS-Thehorizontalwidthofthearray  is 
1  /rat.  The  gray  scale  represents  the  magnetization  component  along  the 
recording  direction. 

S*  is  demonstrated  in  Fig.  3.  For  a  fixed  hr  =  0.05,  S* 
remains  at  the  level  of  0.95  while  he  m  ranges  from  0.0  to 
0.15.  S*  drops  slightly  to  0.90  with  further  increase  in 
he  i,  to  0.3.  However,  if  there  is  no  exchange  coupling  be¬ 
tween  normal  grain  boundaries,  i.e.,  h,  M  =  0.0,  S*  falls 
dramatically  into  the  range  of  0.6,  regardless  of  the  value  of 
Ac.™- 

IV.  RECORDING  PROPERTIES 

Figure  4  shows  a  typical  simulated  dibit  magnetization 
recording  pattern  on  a  nanocrystailine  film  with  he  m 
=  0.1  and  M  =  0.05.  A0.12-/zm  gap  and  a  flying  height 
of  0.02  fun  is  used  for  the  recording  head  field.  The  interbit 
interval  B  is  approximately  0.13  fii n,  and  the  width  of  the 
array  is  1  /mi.  No  percolation  between  the  two  transitions 
has  occurred  at  this  bit  interval.  Statistically,  the  size  of  the 
zig-zag  magnetic  domain  at  the  transition  determines  the 
transition  noise.  As  shown  in  Fig.  4,  the  zig-zag  domain  at 
the  transition  boundary  has  a  very  fine  structure,  indicating 
vety  low  media  noise  of  the  nanocrystailine  film. 

Figure  5  shows  the  cross-track  correlation  function  of 
the  magnetization  component  along  the  recording  direction 
calculated  at  the  center  of  the  second  transition  of  the  dibit 
shown  in  Fig.  4.  The  correlation  length,  defined  here  as  the 
distance  (in  the  cross-track  direction)  where  the  autocorrela¬ 
tion  function  drops  to  half  of  its  peak  value,  is  approximately 


FIG.  5.  Calculated  cross. trick  correlation  function  of  magnetization  at  tkc 
center  of  aecood  tratwttoa. 
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FIG.  6.  Calculated  integrated  noise  power  as  a  function  of  tbe  inverse  bit 
interval  for  nanocryslallinc  films  with  different  sets  of  exchange  coupling 
constants  (ht  „  and  tie  a*). 

the  dimension  of  a  subgrain.  Even  though  there  is  a  small 
exchange  coupling  between  the  normal  grains  and  the  sub- 
grains,  the  effective  width  of  the  zig-zags  at  the  transition 
center  is  smaller  than  the  dimension  of  a  norma!  grain. 

To  study  the  noise  behavior  of  the  nanocrystalline  films, 
a  recording  simulation  of  the  dibit  transition  pair  is  repeated 
30  times,  each  time  with  a  different  set  of  easy  axes  to  mimic 
recording  at  different  locations  in  the  film  plane.  Read  back 
voltage  waveforms  are  calculated  by  convolving  the  head 
field  with  the  simulated  recording  dibit  magnetization  pat¬ 
terns.  The  variance  of  the  read  back  waveforms  of  the  dibit 
transitions  is  calculated.  The  total  voltage  noise  power  is 
defined  as  the  average  variance  value  over  an  interbit  inter¬ 
val,  B,  centered  at  the  second  transition  of  the  dibit.5 

By  simulating  dibit  transition  pairs  at  different  bit  inter¬ 
vals,  the  integrated  voltage  noise  power  of  the  nanocrystal¬ 
line  films  are  calculated  as  a  function  of  inverse  bit  intervals, 
as  shown  in  Fig.  6.  The  four  curves  represent  four  nanocrys¬ 
talline  films  with  =  0.0,  A,  =  0.05,  A,  i0  =  0.1,  and 
A,  j,,  =  0.2,  respectively,  while  the  exchange  coupling  con¬ 
stant  between  normal  grain  boundaries  hr  M  is  fixed  at  0.05. 
The  coercive  squareness  of  the  four  films  is  around  0.95.  The 
horizontal  axis  is  normalized  as  DIB,  where  £>=200  A  is  the 
diameter  of  a  normal  grain.  In  the  cases  of  A,  =  0.0  and 
he  m  =  0.05,  the  integrated  uoise  power  remains  low  and 


virtually  unchanged  as  bit  interval  decreases.  Increasing  the 
exchange  coupling  between  the  subgrains  results  in  higher 
transition  noise  and  significantly  pronounced  supral  inear 
noise  increase  at  small  bit  intervals. 

Tbe  read  back  signal  amplitude  is  defined  as  the  peak 
value  of  the  read  back  waveform  of  an  isolated  transition, 
and  therefore  the  signal-to-noise  ratio  is  calculated.  At  the  bit 
interval  B  =0.07  /un,  i.e.,  385  KFCI  recording  density,  a 
SNR=36  dB  is  achieved  for  nanocrystalline  film  with  h,  a 
=  0.0  and  A,  =  0.05.  Increasing  the  exchange  coupling 
inside  the  normal  grain  to  he_a  =  0.1,  the  signal-to-noise 
ratio  decreases  to  33  dB.  This  is  still  above  the  SNR  required 
by  system  designers. 

V.  CONCLUSIONS 

Planar  isotropic  nanocrystalline  films  with  bicrystal  sub¬ 
grain  structures  are  studied  via  micromagnetic  simulation. 
High  coercive  squareness  can  be  achieved  for  nanocrystal¬ 
line  films  with  weak  exchange  coupling  between  the  normal 
grain  boundary.  The  bicrystal  structure  of  subgrains  inside 
each  normal  grain  tend  to  break  the  collective  behaviors  of 
magnetization  processes,  so  the  cross-track  magnetization 
correlation  length  is  small,  in  the  range  of  the  dimension  of  a 
subgrain.  For  films  with  relatively  low  exchange  coupling 
between  subgrains,  the  medium  noise  is  low  even  at  very 
small  bit  intervals.  At  385-KFCI  recording  density,  and  1-^un 
track-width,  calculated  SNR  is  36  dB.  It  is  concluded  that 
nanocrystalline  film  with  adequate  exchange  coupling  can 
support  the  targeted  10-Gbits/in.2  recording  density. 
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A  quaternary  alloy  of  CoCrTaPt  with  a  composition  of  80-10-4-6  (in  at.  %)  was  evaluated  for  its 
magnetic  ami  recording  properties.  Samples  of  C/CoCrTaPt/Cr  recording  media  were  prepared  by  dc 
magnetron  sputtering  on  circumferentially  textured  Al/NiP  substrates.  The  effects  on  static  magnetic 
properties  and  recording  performance  were  studied  for  different  substrate  preheating  times,  Cr 
underlayer  thicknesses,  and  Co-alloy  layer  thicknesses.  It  was  found  that  both  the  coercivity  Ht  and 
remanent  magnetization  M,  increased  with  substrate  preheating  time.  Hc  also  increased  with  Cr 
underlayer  thickness,  as  expected.  The  Mr8  value  depended  linearly  on  the  Co-alloy  layer  thickness. 

In  addition,  we  found  that  the  coercivity  increased  dramatically  as  the  magnetic  layer  thickness 
decreased  from  —800  to  —200  A.  For  a  sample  with  a  235-A  CoCrTaPt  magnetic  layer  and 
— 1000-A  Cr  underlayer,  the  coercivity  was  found  to  be  >2700  Oe.  Parametric  evaluation  showed 
that  CoCrTaPt  samples  have  performance  similar  to  samples  of  CoCrTa  and,  because  of  the  Pt 
addition,  the  CoCrTaPt  alloy  offers  significantly  higher  attainable  coercivities  than  the  CoCrTa 
alloy.  Therefore,  the  CoCrTaPt  alloy  proves  to  be  a  good  candidate  for  use  in  high  density  recording 
media  which  require  coercivity  of  higher  than  2000  Oe. 


Studies  have  shown  that  quaternary  alloys  of  CoCrTaPt 
are  promising  candidates  for  high  density  recording  in  lon¬ 
gitudinal  thin-film  media,  where  both  the  high  coercivity  Hc 
and  the  high  signal-to-noise  ratio  are  required.  By  adding 
only  a  few  at.  %  Pt  to  CoCrTa  alloys  which  are  being  used  in 
thin-film  recording  media,  one  can  significantly  increase  He 
without  causing  degradation  of  the  recording 
performance.1-3  In  contrast,  in  order  to  achieve  similar  mag¬ 
netic  properties,  more  than  10-at.  %  Pt  have  to  be  used  in 
another  popular  magnetic  alloy  of  CoCrPt,4-7  which  signifi¬ 
cantly  increases  the  cost  of  the  sputtering  taiget  and  thus 
limits  its  use  in  recording  media  production.  In  this  study, 
we  evaluated  a  CoCrTaPt  alloy  with  the  composition  of 
80-10-4-6  (in  at.  %)  for  its  magnetic  and  recording  proper¬ 
ties,  using  different  substrate  preheating  times,  Cr  underlayer 
thicknesses,  and  magnetic  layer  thicknesses. 

The  samples  of  this  study  were  prepared  by  using  an 
Intevac  MDP-250  dc  magnetron  sputtering  system  with  a 
separate  preheating  station,  Cr  station,  Co-alloy  station,  and 
carbon  stations.  The  base  pressure  of  the  sputtering  system 
was  about  10-7  Tort.  The  Ar  pressures  of  both  Cr  and  Co¬ 
alloy  stations  were  set  to  5.5  mTorr.  Circumferentially  tex¬ 
tured  A1  disks  with  plated  NiP  layers  were  used  as  substrates. 
Sample  sputtering  was  done  in  different  stations  in  the  se¬ 
quence  of  substrate  preheating,  Cr  underlayer.  Co-alloy 
(magnetic)  layer,  and  carbon  protection  layer.  A  -200-V  dc 
bias  was  applied  to  both  Cr  and  Co-alloy  stations.  In  order  to 
study  the  effects  of  sputter  conditions  on  both  the  magnetic 
properties  and  recording  performance  of  the  CoCrTaPt  alloy, 
the  substrates  were  preheated  before  sputtering  for  different 
duration  times.  The  substrate  temperature  was  varied  from 
room  temperature  (no  preheating)  to  -250  °C  (8-s  preheat¬ 
ing).  The  thickness  of  the  Cr  underlayer  was  varied  from  0  to 
1000  A  and  the  Co-alloy  layer  thickness  was  changed  from 
200  to  1600  A. 

The  samples  were  characterized  using  8-28  x-ray  scat¬ 


tering  on  a  Rigaku  RU200  diffractometer  with  Ka  radiation 
of  a  rotating  Cu  anode.  The  thicknesses  of  the  Cr  underlayer 
and  the  Co-alloy  layer  were  determined  using  x-ray  fluores¬ 
cence  (XRF)  spectrometry.  The  magnetic  properties  were 
measured  on  a  vibrating  sample  magnetometer  (VSM).  The 
recording  performance  was  characterized  using  a  Guzik 
read-write  analyzer  with  a  thin-film  head  which  had  a 
0.35-pm  gap.  The  high  frequency  was  5.5  MHz  (40  KFC1). 
The  write  current  was  14  mA  (base-to-peak)  and  the  rotation 
speed  was  3000  rpm.  The  head  flying  height  was  3.5-4.0  p  . 

X-ray  scattering  spectra  of  samples  with  different  pre¬ 
heating  times  are  shown  in  Fig.  1,  together  with  the  spectrum 
of  an  Al/NiP  substrate.  It  showed  that  at  low-temperature  hep 
Co  (10.0),  (00.2),  and  (10.1)  grew  epitaxially  on  bcc  Cr  (110) 
which  resulted  in  the  random  orientations  of  the  magneto¬ 
crystalline  easy  axis  of  the  Co  alloy  (c  axis).  At  elevated 
temperatures  Cr  (200)  and  hep  Co(11.0)  started  to  grow.  This 
led  to  the  c  axis  of  the  Co  alloy  lying  in  the  film  plane,  which 


mno 


FIG.  1.  X-ray  diffraction  spectra  for  the  Al/NiP  substrate,  and  for  samples 
sputtered  with  different  preheating  times,  in  which  peak  t  is  A]  (111),  peak 
2  Co  (10.0),  peak  3  Co  (00.2),  peak  4  Cr  (110),  and  peak  5  Co  (10.1). 
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FIG.  2.  Dependence  of  H(  of  the  CoCrTfcPt  alloy  on  substrate  preheating 
time. 
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FIG.  4.  Dependence  of  the  orientation  ratio  of  the  CoCrTaPt  alloy  on  pre¬ 
heating  time. 


is  the  prcfencd  orientation  to  achieve  higher  Hc  and  better 
recording  performance.2  The  lattice  spacings  of  Co  (10.0) 
and  (00.2)  were  found  to  be  2.227  and  2.084  A,  respectively, 
for  0-s  preheat  and  unchanged  for  preheat  times  up  to  6  s. 
For  samples  with  8~s  preheat,  the  crystallite  sizes  in  the  di¬ 
rection  of  film  growth  were  found  to  be  —180  and  —130  A 
for  (200)  Cr  and  (11.0)  Co,  respectively,  estimated  from  peak 
widths  of  x-ray  scattering. 

In  Figs.  2  to  4  we  plot  the  variations  with  preheating 
time  of  Hc ,  remanent  magnetization  (Af,),  and  orientation 
ratio  (OR),  where  the  Cr  underlayer  and  magnetic  layer 
thicknesses  were  —1000  and  —800  A,  respectively.  Hc  did 
not  change  for  0-  and  2-s  preheating  times,  as  seen  in  Fig.  2. 
We  then  observed  an  almost  linear  increase  of  Hc  as  the 
preheating  time  changed  from  2  to  8  s.  For  preheating  times 
longer  than  8  s,  the  NiP  layer  is  expected  to  crystallize  and 
become  magnetic.  The  Mr  was  also  seen  to  increase  with 
preheating  time  as  shown  in  Fig.  3,  which  is  different  from 
the  conclusion  of  a  previous  study.1  For  the  sample  sputtered 
without  substrate  preheating,  the  M,  was  found  to  be  —480 
emu/cc.  The  U,  was  seen  to  have  increased  by  —17%  to 
—560  emu/cc  for  the  sample  sputtered  at  — 250  °C.  This 
change  in  M,  was  caused  by  the  increase  of  saturation  mag¬ 
netization  M, ,  and  also  by  the  increase  in  remanence  square¬ 
ness  5,  as  shown  in  Fig.  4.  A  very  interesting  feature  was 
observed  for  orientation  ratio  of  the  samples.  For  0-  and  2-s 
heat,  the  circumferential  Hc  was  lower  than  the  radial  Hc 
which  resulted  in  ORs  smaller  than  1.  The  squareness  was 
also  higher  in  the  radial  direction  than  in  the  circumferential 
direction  for  0-s  preheating  time.  It  seems  to  indicate  that 
there  are  more  Co  crystallites,  which  have  a  hep  structure,1 
oriented  with  the  c  axis  in  the  radial  direction  than  in  the 
circumferential  direction,  when  the  temperature  of  the  sub¬ 
strate  is  sufficiently  low.  At  preheating  time  between  2  and  4 
s,  OR  was  seen  to  change  from  below  1  to  above  1,  and  then 
increased  linearly  with  preheating  time,  as  shown  in  Fig.  4. 
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FIG.  5.  Dependence  of  Hc  of  the  CoCrTaPt  alloy  on  Cr  underlayer  thick¬ 
ness. 
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FIG.  6.  Dependence  of  M,  of  the  CoCrTaPt  alloy  oo  Cr  underlayer  thick- 
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FK).  3.  Dependence  of  M,  of  the  CoCrTaPt  alloy  on  substrate  preheating  FIG.  7.  Dependence  of  H{  of  the  CoOThPt  alloy  on  magnetic  layer  tfakk- 
thae.  ness. 
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TABLE  I.  Comparison  of  parametric  performance  of  CoCrTaPt  and  CoCrTa  alloys. 


Magnetic 

Hc 

M,S 

Amplitude 

Resolution 

PW50 

OW 

S/N 

BS 

alloy 

(Oe) 

(merou/cm*) 

OiV) 

{%) 

(os) 

(-dBl 

(dB> 

(ns) 

CoCrTaPt 

1705 

2.62 

227 

87.7 

82 .2 

36.6 

29.3 

9.3 

CoCrTa 

1726 

2.74 

237 

87.1 

81.1 

38.9 

29.5 

8.1 

Underlayers  such  as  the  Cr  layer,  which  is  sputtered 
prior  to  the  magnetic  layer,  affects  the  grain  size  and  orien¬ 
tation  of  the  magnetic  films  and  thus  can  enhance  the  mag¬ 
netic  properties  of  the  recording  media.  In  this  part  of  the 
experiment,  the  magnetic  layer  was  fixed  at  -800  A  while 
the  Cr  underlayer  was  changed  from  0  to  -1000  A.  The 
substrates  were  preheated  for  7-s  duration  time.  Figure  5 
plots  the  variation  of  Hc  with  Cr  layer  thickness.  For  the 
sample  with  no  Cr  underlayer,  Hc  was  seen  to  be  only  —400 
Oe.  Hc  gained  more  than  1000  Oe  when  a  Cr  underlayer  of 
only  —100  A  was  sputtered.  As  the  Cr  underlayer  increased 
further  from  100  A,  the  Hc  increased  with  Cr  thickness  but  at 
a  much  lower  rate.  Figure  6  shows  the  dependence  of  M,  on 
the  Cr  thickness.  The  value  of  M,  was  very  low  (—210  emu/ 
cc)  for  the  sample  with  no  Cr  underlayer  indicating  poor 
crystallite  orientation.  This  low  value  of  Mr  was  related  to 
both  low  Af,  and  low  remanence  squareness.  However,  Mr 
saturated  for  Cr  thickness  of  about  100  A  at  an  average  value 
of  —570  emu/cc.  The  orientation  ratio  showed  a  weak  maxi¬ 
mum  value  of  1.56  at  100- A  Cr.  It  decreased  for  thicker  Cr 
underlayers.  At  —1000  A,  the  orientation  ratio  was  1.34. 
Both  S  and  S*  were  found  to  be  only  -0.45  for  the  sample 
with  no  Cr  underlayer.  They  were  seen  to  be  —0.91  and 
independent  to  the  Cr  thickness  as  the  Cr  underlayer  changed 
from  100  to  1000  A. 

To  study  the  dependence  of  magnetic  properties  on  Co¬ 
alloy  thickness,  we  fixed  the  Cr  underlayer  at  — 1000  A  and 
varied  the  Co-alloy  layer  from  —200  to  —1600  A.  Again,  the 
substrates  were  preheated  for  7-s  duration  time.  In  Fig.  7  we 
plot  the  Hc  vs  the  Co-alloy  layer  thickness.  It  can  be  seen 
that  the  Hc  became  much  higher  for  the  thinner  Co-alloy 
layer.  This  decrease  in  Hc  with  Co-alloy  thickness  is  possibly 
due  to  the  decrease  in  both  the  effect  of  the  demagnetizing 
field,  and  the  coherent  strain  of  the  initial  grain-to-grain 
epitaxy.8  The  //.  was  about  2100  Oe  when  the  magnetic 
layer  was  —800  A.  At  about  200-A  magnetic  layer  thickness, 
the  Hc  increased  to  more  than  2700  Oe.  M,S  was  seen  to 
increase  linearly  with  the  magnetic  thickness  S.  From  the 
linear  fit  of  the  experiment  data,  we  found  the  average  rem¬ 
anent  magnetization  of  80-10-4-6  (in  at.  %)  CoCrTaPt  alloy 
was  —570  emu/cc  which  is  -5%  lower  than  that  of  CoCrTa 
without  Pt. 


The  recording  performance  of  the  CoCrTaPt  alloy  was 
evaluated  for  samples  sputtered  under  different  conditions, 
and  samples  of  CoCrTa  were  also  characterized  for  compari¬ 
son.  In  Table  I  we  list  the  results  of  two  samples  with  differ¬ 
ent  alloys.  It  shows  that  the  CoCrTaPt  alloy  is  similar  to  the 
CoCrTa  alloy  in  amplitude  (HFTAA),  resolution,  pulse  width 
(PW50),  overwrite  (OW),  bit  shift  (BS),  and  signal-to-noise 
ratio  (S/N). 

In  summary,  it  was  found  that  for  the  CoCrTaPt  alloy, 
Co  (11.0)  started  to  grow  epitaxially  on  Cr  (200)  at  elevated 
temperatures,  with  the  c  axis  lying  in  the  film  plan.  We  did 
not  observe  any  increase  with  temperature  in  lattice  spacings 
of  the  Co  alloy.  Both  Hc  and  Afr  increased  with  substrate 
temperature  or  preheating  time.  This  dependence  of  Mr  on 
substrate  temperature  has  to  be  taken  into  account  in  record¬ 
ing  media  fabrication,  where  Hc  is  mainly  adjusted  by  sub¬ 
strate  preheating  time.  Hc  also  increased  with  Cr  thickness. 
However,  the  Mr  value  was  seen  to  be  constant  as  Cr  thick¬ 
ness  varied  from  100  to  1000  A.  The  M,S  was  also  found  to 
depend  linearly  on  the  magnetic  layer  thickness.  In  addition, 
we  found  that  Hc  increased  at  a  very  fast  rate  (>1  Oe/A)  as 
the  magnetic  layer  thickness  decreased  from  -800  to  -200 
A.  Parametric  evaluation  of  CoCrTaPt  samples  showed  simi¬ 
lar  performance  as  the  samples  sputtered  with  CoCrTa  alloys 
and,  because  of  the  Pt  addition,  the  CoCrTaPt  alloy  offers 
significantly  higher  attainable  coercivities  than  the  CoCrTa 
alloy.  Therefore,  with  very  high  attainable  Hc  (>2500  Oe), 
relatively  high  remanent  magnetization  (—570  emu/cc),  and 
good  recording  performance,  the  CoCrTaPt  alloy  proves  to 
be  a  good  candidate  to  be  used  in  recording  media  which 
requires  coercivity  of  higher  than  2000  Oe. 
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Analysis  of  the  electronic  properties  of  CoCrPt  thin  films  using  parallel 
electron  energy  loss  spectroscopy  (PEELS) 

Pawei  G lifer,  John  M.  Sivertsen,  and  Jack  H.  Judy4 

Department  of  Chemical  Engineering  and  Materials  Science.  The  Center  for  Micromagnetics 
and  Information  Technology  (MINT),  University  of  Minnesota,  Minneapolis,  Minnesota  SS45S 

The  effects  of  the  Pt  content  in  CoCrPt  thin  films  on  the  appearance  of  the  near-edge  structure  of  the 
Cr  and  Co  iu  absorption  edges  were  studied  using  parallel  electron  energy  loss  spectroscopy 
(PEELS).  These  reflect  local  changes  in  the  3d  band  of  the  material.  It  was  found  that  addition  of 
Pt  leads  to  local  fluctuations  in  the  3d  band  occupancy  in  CoCrPt  films  which  causes  a  decrease  of 
the  number  of  3d  electrons  per  Co  atom.  An  increase  of  the  £3  to  i2  white  lines  intensities  ratio  on 
the  /-2j  Co  edge  with  Pt  content  probably  indicates  an  increase  of  the  magnitude  of  exchange 
interactions  in  the  CoCrPt  thin  films. 


I.  INTRODUCTION 

CoCrPt/Cr  thin  films  have  been  successfully  used  as 
magnetic  media  for  the  high  density  recording1  and  are  con¬ 
sidered  as  one  of  die  best  candidates  for  the  gigabit  density 
recording  magnetic  media.  Magnetic  and  recording  proper¬ 
ties  of  the  CoCrPt/Cr  are  structure  sensitive.  Effects  of  the 
addition  of  Pt  to  the  CoCr  films  on  the  microstructure,  tex¬ 
ture,  and  magnetic  properties  have  been  reported  in  the  past 
few  years.2*4  However,  very  little  attention  has  been  given  to 
the  role  of  Pt  in  altering  electronic  structure  of  these  materi¬ 
als. 

The  purpose  of  this  paper  is  to  present  the  results  of  the 
analysis  of  3d  band  properties  of  CoCrPt  thin  films  using 
electron  energy  loss  spectroscopy  (EELS). 

N.  EXPERIMENTAL  PROCEDURE 

CoCrPt  films  with  a  thickness  of  —600  A  and  Pt  content 
of  0,  13,  20,  and  40  at.  %  were  sputtered  on  glass  using  rf 
diode  sputtering  with  substrate  bias.  The  Co.Cr  ratio  in  all 
the  films  was  around  5.1:1.  Magnetic  properties  of  the  films 
were  measured  using  a  vibrating  sample  magnetometer 
(VSM).  Crystallographic  texture  of  the  films  was  determined 
using  an  x-ray  diffractometer  and  electron  diffraction  in  a 
transmission  electron  microscope  (TEM). 

TEM  samples  were  prepared  by  chemically  removing 
the  glass  substrate.  Thickness  of  the  examined  samples  was 
within  a  range  of  0.4X-0.7X  (X — mean  free  path  for  inelastic 
scattering).  Such  thickness  was  chosen  as  a  compromise  be¬ 
tween  avoiding  a  significant  amount  of  multiple  scattering 
and  obtaining  sufficient  signal  to  collect  core  edges  of  Cr  and 
Co.  Transmission  electron  microscopy  (TEM)  observations 
of  the  films  as  well  as  EELS  analysis  was  performed  in  the 
Philips  CM-30  electron  microscope  with  a  Gatan  666  paral¬ 
lel  electron  energy  loss  spectrometer  (PEELS).  PEELS  spec¬ 
tra  were  collected  in  a  diffraction  mode  using  a  camera 
length  of  110  mm  and  collection  aperture  of  2  mm.  Low  loss 
regions  of  the  spectra  were  collected  using  dispersion  of  0.5 
eV/channel.  L-Cr  and  L- Co  edges  were  collected  using  dis¬ 
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persion  of  0.2  eV/channel.  Calibration,  spectra  collection, 
thickness  measurement,  and  background  removal  were  per¬ 
formed  using  Gatan  E1P  2.1  software.  PEELS  spectra  of 
pure  Co,  Cr,  Ni,  and  Cu  deposited  in  the  same  sputtering 
system  were  collected  and  used  as  references.  PEELS  spectra 
were  collected  from  the  areas  of  —1  pun2  which  covered  an 
area  of  102— 1G3  grains  in  the  polycrystalline  CoCrPt  films. 
All  spectra  were  examined  for  the  oxygen  edges.  Only  in  the 
Cr  and  CoCr  case  samples  was  a  very  weak  oxygen  signal 
detected 

The  peaks  appearing  at  the  L  edges  of  the  3d  elements 
are  due  to  transitions  from  the  2pin  (L,  peak)  and  2pm  (/.2 
peak)  states  to  the  3d  band  and  are  designated  as  “white 
lines.”  Normalized  white  lines  intensities  (NWL1)  and  ratio 
of  the  Lj  :L2  peaks  were  calculated  using  a  method  similar  to 
the  one  described  by  Pearson  et  al.5  The  method  is  illustrated 
in  Fig.  1.  The  near-edge  structure  of  a  /.  i3  spectrum  is  due  to 
the  excitations  to  the  bound  states  as  well  as  due  to  excita¬ 
tions  to  the  continuum.  The  continuum  part  of  the  Lz j  edge 
was  modeled  as  a  step  function  where  the  first  step  at  the  L  3 
edge  was  twice  as  high  as  a  step  at  the  L2  edge,  because  of 
the  2:1  ratio  of  the  initial  2 p  states.  The  intensity  of  the 
white  lines  was  obtained  by  integrating  the  area  of  the  peaks 
above  the  step  function.  The  intensity  was  subsequently 
normalized  by  dividing  it  by  the  area  of  the  edge  with  a 
50-eV  width  and  lying  50  eV  past  the  t3  line.  For  i3:i2 
ratio  the  £3  line  intensity  was  counted  as  an  integral  of  the 
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FIG.  1.  Graphic  illustration  of  the  method  for  isolating  and  normalising 
whitt  lines  intensities.  The  presented  edge  is  in  L  Co  edge  measured  foe  a 
CoCr- 13%  Pt  thin  film. 
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FIG.  2.  lo-plane  and  vertical  coerdvity  of  the  examined  CoCrPt  thin  films. 


white  line  above  the  step  function  up  to  the  intensity  mini¬ 
mum  between  the  Li  and  L2  lines.  i2  line  intensity  was 
integrated  above  the  step  function  between  this  minimum 
and  energy  at  which  L2  joins  the  continuum  part  of  the  edge. 

Several  thick  samples  (/-0.7X)  were  ion  milled  to  the 
thickness  in  the  range  of  0.3X-0.4X  using  a  liquid  nitrogen- 
cooled  stage.  Spectra  for  the  ion  milled  samples  were  ana¬ 
lyzed  using  the  same  procedure  and  gave  virtually  the  same 
results  in  almost  all  the  cases,  proving  that  thickness  effects 
in  the  range  used  in  the  experiment  were  negligible.  The  pure 
Cr  film  intensities  of  the  white  lines  were  significantly  larger 
than  the  case  of  the  unmiiled  sample.  This  result  can  be 
associated  with  the  removal  of  the  surface  oxide  layer  since 
the  oxygen  edge  vanished  from  the  spectrum  after  the  ion 
milling. 

IH.  RESULTS  AND  DISCUSSION 

CoCrPt  films  with  Pt  content  0-,  13-,  20-at.  %  Pt  exhib¬ 
ited  (0002)  texture  of  the  hep  phase  whereas  CoCr  40%  Pt 
film  exhibited  fee  structure  with  a  {111}  preferred  orienta¬ 
tion.  The  magnetic  properties  measured  in  the  CoCrPt  films 
were  consistent  with  previously  reported  properties  of  the 
CoCrPt/Cr  thin  films3  as  shown  in  Fig.  2.  Films  with  13-  and 
20-at.  %  Pt  were  magnetically  hardest  and  Pt-rich  film  (40- 
at  %  Pt)  was  magnetically  softest  among  samples  examined. 

Occupancy  of  3 d  bands  based  on  the  Lu  absorption 
edges  of  Cr  and  Co  has  been  calculated,  using  the  method 
proposed  by  Pearson  et  aL,s  which  assumes  that  the  normal¬ 
ized  intensity  of  IM  white  lines  (NWL1)  decreases  linearly 
with  3  d  occupancy  as 

NWU=  1.04(1—0. 088/t),  (1) 

where  n  is  the  3d  occupancy  (electrons/atom).  However,  in 
their  analysis  Pearson  et  aL s  assumed  that  one  electron  oc¬ 
cupies  a  4s  band.  For  elements  close  to  Ni  it  is  more  appro¬ 
priate  to  assume  0.6  electrons  in  a  4s  band.6  If  such  a  cor¬ 
rection  is  made  for  Ni,  Co,  and  Fe  Eq.  (1)  becomes 

NWLI=  1.032—0. 088b.  (2) 

Figure  3  shows  good  agreement  of  the  NWU  experi¬ 
mentally  obtained  from  pure  thin  films  of  Co,  Ni,  Cu,  and  Cr 
with  the  relation  given  by  Eq.  (2).  3d  occupancy  for  Co  and 
Cr  measured  for  CoCrPt  films  (Fig.  4)  show  that  addition  of 
Pt  changes  the  local  electronic  arrangement  in  the  3d  band  of 
the  material.  In  particular,  snail  additions  of  Pt  (up  to  20%) 
tend  to  decrease  the  number  of  the  3d  electrons  per  Co  at¬ 


FKj  3.  NWU  values  for  standard  pare  element  thin  films  compared  to  the 
NWU  caloilareri  from  Eq.  (2). 


oms  which  most  probably  leads  to  the  larger  moment  per  Co 
atom  in  these  alloys.  Such  an  effect  of  Pt  addition  could  be 
expected  since  Pt  is  known  to  cause  a  giant  moment  phe¬ 
nomenon  in  the  Co-Pt  alloys.7  This  result  explains  the  ob¬ 
served  very  weak  sensitivity  of  the  measured  Af,  values  to 
small  additions  of  Pt  in  some  CoCrPt  films.4  3d  occupancy 
in  the  CoCr  40%  Pt  film  is  back  to  its  theoretical  value  of 
8.4,  which  is  associated  with  a  change  of  the  crystallographic 
structure  of  the  material.  Local  3d  occupancy  for  Cr  atoms 
in  the  CoCrPt  films  tend  to  decrease  significantly  with  Pt 
content  resulting  in  a  large  difference  between  the  local  num¬ 
ber  of  3d  electrons  per  Co  atom  and  the  number  of  3d  elec¬ 
trons  per  Cr  atom.  This  shows  that  alloying  CoCr  films  with 
Pt  produces  significant  local  charge  transfers  within  the  band 
structure  of  the  material.  Such  a  result  may  also  be  caused  by 
the  presence  of  a  second  phase  in  the  material  or  by  the  Cr 
segregation. 

The  theoretical  ratio  of  the  white  line  intensities  based 
solely  on  the  initial  2 p  states  should  be  2:1.  For  most  of  the 
3d  metals,  however,  an  observed  C3:L2  ratio  is  usually  dif¬ 
ferent  from  2  (in  most  of  the  cases  smaller)  due  to  interac¬ 
tions  of  the  2p  states  with  band  electrons.89  In  the  case  of 
Cu  the  Lj  :L2  ratio  is  close  to  2  (reported  ratios  range  be¬ 
tween  1.7  and  2.1).8  But  here  these  numbers  refer  more  to 
the  relative  heights  of  the  i3  and  L2  steps,  since  white  lines 
are  barely  observable  due  to  the  filled  3d  band.  The  L3:L2 
ratio  becomes  larger  than  2  only  in  the  case  of  ferromagnetic 
3d  metals  which  is  a  possible  result  of  the  large  positive 
exchange  integral  in  this  material.  The  L3:L2  ratios  which 
we  measured  for  the  pure  element  thin  films  were  consistent 
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FIG.  5.  Li'.Li  white  b&et  ratk»  for  Co  and  Cr  measured  for  CoCrPt 
thin  films, 

with  those  reported  in  the  literature.  The  measured  L}  :L2 
values  were  1.50, 1.71, 2.79,  and  3.08  for  Cr,  Cu,  Ni,  and  Co, 
respectively.10  L}  :l2  ratios  for  Co  measured  in  CoCrPt  films 
increase  monotonicaily  with  increasing  Pt  content  (Fig.  5) 
which  suggests  that  the  addition  of  Pt  induces  an  increase  in 
the  exchange  constant  of  CoCrPt.  Such  an  effect  could  con¬ 
tribute  to  larger  inteigranuliar  exchange  interactions  in  the 
CoCrPt  films  with  larger  Pt  content. 

IV.  CONCLUSIONS 

A  study  of  the  3d  band  properties  of  the  CoCrPt  films 
was  performed  using  PEELS  white  line  analysis  of  the  Lu 
edges  of  Co  and  Cr.  3d  band  occupancy  was  estimated  by 
measuring  the  relative  intensities  of  Ljj  white  lines.  It  has 
been  shown  that  the  addition  of  small  amounts  of  Pt  to 
CoCrPt  films  causes  a  decrease  in  the  number  of  3d  elec¬ 
trons  per  Co  atom  which  leads  to  an  increased  moment  per 


Co  atom  of  the  material.  Also,  an  addition  of  Pt  to  the  ma¬ 
terial  causes  local  fluctuations  in  the  3d  occupancy.  Such 
fluctuations  may  be  caused  by  the  local  charge  transfers 
within  the  band  structure  of  the  material  or  by  the  composi¬ 
tion  inhomogenities. 

The  observed  increase  of  the  L}  :L2  white  lines  intensity 
ratio  for  Co  in  CoCrPt  films  with  increasing  platinum  content 
suggests  an  increase  in  the  magnitude  of  the  exchange  inter¬ 
actions  in  these  materials.  Such  an  effect  would  contribute  to 
larger  intergranullar  exchange  interactions  in  CoCrPt  films 
with  larger  Pt  content. 

ACKNOWLEDGMENTS 

The  authors  are  grateful  to  Chien-Li  Lin  for  help  in  the 
deposition  of  pure  metal  (standard)  films.  The  research  pre¬ 
sented  was  supported  by  IBM  ADSTAR,  Rochester,  MN. 

1 T  Yogi,  C.  Rang.  T.  A.  Nguyen,  K.  Ju,  G.  L.  Gorman,  and  G  Castillo, 
IEEE  Trans.  Magn.  MAG-2*,  2271  (1990). 

3K.  E.  Johnson.  P  R.  Ivctt,  D.  R.  Timmons,  M.  Mirzamaui,  S.  E.  Lambert, 
and  T.  Yogi,  ].  Appl  Phys.  *7,  4686  (1990). 

3P  CHijer,  1.  M.  Sivertsen,  and  I.  H.  Judy,  I.  Appl.  Phys  73.  5363  (1993). 
4M.  Doerner,  T.  Yogi,  T.  Nguyen,  D.  Parker,  S.  Lambert,  B.  He  mummer, 
and  O.  C.  AUegraaza.  IEEE  Trans.  Magn  2*.  3667  (1994). 

’D.  H.  Pearson,  B.  Fultz,  and  C.  C.  Ahn,  Appl.  Phys  Leu  53. 1405  (1988) 
*B  D.  CtUliry,  Introduction  to  Magnetic  Materials  (Addison- Wesley,  Read¬ 
ing.  MA.  1972),  pp.  131-143. 

’S  porter,  Magnetism  Selected  Topics  (Gordon  and  Breach,  New  York. 
1976),  Chap.  VI. 

*R.  D.  Leapman,  L-  A.  Gnioes,  and  P.  L.  Fcjes,  Phys.  Rev.  B  26,  614 
(19*2). 

*J.  Zaanen.  G.  A.  Sawatzky,  1.  Fink,  W.  Speicr,  and  J.  C.  Fuggle.  Phys.  Rev. 
B  32,  4905  (1985). 

l0For  Cu,  the  L  )  :L  2  ratio  refers  to  the  ratio  of  the  L ,  and  L ,  steps  on  the  L  u 
CU  ubsotpdoa  edge. 


J.  AppL  Phys,  Vot.  75,  No.  10. 15  May  1904  GSjwr.  Ghrortssn,  wit)  Judy  6143 


/ 


Noise  properties  and  microstructure  of  oriented  CoCrTa/Cr  media 
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Magnetic  and  noise  properties  of  oriented  CoCrTa/Cr  media  sputtered  at  temperatures  from  ambient 
to  250  °C  were  studied  and  correlated  with  microstructurai  data  from  HRSEM  and  HRTEM 
micrographs.  Coercivity  increases  roonotonkaUy  and  loop  squareness  decreases  with  substrate 
temperature.  Transition  and  uniform  magnetization  noise  power  are  highest  for  media  sputtered  at 
150  °C.  Micrographs  and  noise  powers  show  that  the  media  sputtered  at  150  °C  is  relatively  highly 
exchange-coupled.  Media  sputtered  below  150  °C  shows  topographic  isolation,  and  those  sputtered 
above  150  °C  exhibit  increasing  intergranular  isolation  of  about  10  A  and  thus  lower  exchange. 
Coercivity  varies  linearly  but  exchange  drops  abruptly  at  high  temperature.  Other  mechanisms 
besides  exchange  contribute  to  the  coercivity  variation. 


I.  INTRODUCTION 

Sputtered  CoCrTa  Cr  oriented  media  is  widely  used  for 
high  density  recording  applications  due  to  its  low  media 
noise  and  high  coercivity  Hc .  It  was  shown  in  Ref.  1  that  the 
noise  of  sputtered  CoCrTa/Cr  media  decreases  and  Hc  in¬ 
creases  with  substrate  temperature.  CoCrTa/Cr  media  has 
been  also  studied  using  remane  nee  curves,1-3  which  show 
that  the  intergranular  interaction  decreases  with  increasing 
substrate  temperature.  Transmission  election  microscopy 
(TEM)  and  scanning  electron  microscopy  (SEM)  micro¬ 
graphs  of  Duan  et  aL 4  do  not  reveal  any  intergranular  isola¬ 
tion.  Atomic  force  microscopy  (AFM)  studies  by  Lu  et  aL2 
show  increasing  grain  sizes  as  the  substrate  temperature 
rises.  Maeda  et  aL,5  using  NMR,  indicated  that  there  may 
also  be  an  enhancement  of  Cr  segregation.  Microscopic  evi¬ 
dence  of  grain  isolation  in  CoCrTa  media  sputtered  at  high 
temperature  was  reported,  and  interpreted  as  an  exchange 
breaking  mechanism.6,7  In  this  work  we  investigate  the  onset 
of  grain  isolation  to  understand  the  relationship  between  him 
structure,  its  magnetic  characteristics,  and  micromagnetic  be¬ 
havior.  We  present,  as  a  function  of  the  common  substrate 
and  deposition  temperature  T,,  high-resolution  SEM  and 
TEM  micrographs  of  oriented  CoCrTa/Cr  media,  together 
with  measurements  of  transition  noise,  uniform  magnetiza¬ 
tion  noise,  and  magnetization  correlation  lengths. 

II.  EXPERIMENTAL  PROCEDURE 

CoCr12Hu  media  were  sputtered  in  an  in-line  sputtering 
system.  The  CoCrTa  layer,  Cr  underlayer,  and  C  overcoat 
thicknesses  are  600,  750,  and  200  A,  respectively.  T,  was 
varied  bom  25  to  250  °C.  The  substrates  were  circumferen¬ 
tially  textured  NiP/Al  with  toughness  R,~  45  A  and  peak-to- 
v alley  of  ~360  A.  Magnetic  properties  were  measured  using 
VSM.  Microstructurai  analysis  was  carried  out  using  a  Phil¬ 
ips  EM-430ST  TEM  operating  at  300  kV,  and  a  Hitachi  S900 
SEM  operating  at  30  kV. 

A  single  dun-film  head  was  used  to  measure  media  noise 
power  for  all  disks.  The  head  has  pole  and  gap  lengths 
Pi/g/p2~3-3SA)-35/3.3S  past,  leading  and  trailing  pole 
withhs  of  IS  and  12  p m,  respectively,  and  30  turns.  The 


flying  height  was  3.6  pt  at  velocity  v  =7.52  m/s.  Transition 
noise  (TN)  and  uniform  magnetization  noise  (UMN)  power 
spectral  densities  (PSD)  were  acquired  with  a  spectrum  ana¬ 
lyzer.  At  each  frequency,  the  total  TN  power  was  obtained  by 
subtraction  of  the  background  noise  and  integration  of  the 
PSD.  TN  PSDs  were  not  normalized  by  the  transfer  function 
of  the  head  and  channel.  Thus,  the  TN  powers  given  here  are 
in  arbitrary  units.  The  UMN  raw  spectra  were  acquired  and 
analyzed  in  the  frequency  interval  0.15</<15  MHz  corre¬ 
sponding  to  a  wave  number  *  =  2 irf/v  interval  0.12<i<12 
/an"',  using  techniques  previously  described.8  The 
electronic-,  head-,  and  saturated-media-noise  background 
were  subtracted  from  the  UMN  spectra,  which  were  further 
divided  by  all  the  appropriate  factors  such  as  amplifier  gain, 
media  velocity,  spacing  and  thickness  losses,  etc.,  and  by  the 
Fourier  transform  of  the  head  surface  field.  For  the  latter,  the 
finite-pole  length-head  formulas  of  Bertram  et  aL"  were 
used.  The  UMN  PSDs  given  here  represent  intrinsic  mea¬ 
sures  of  the  magnetic  film  noise  power. 

IK.  RESULTS 

Results  are  shown  in  the  micrographs  in  Fig.  1  and  in 
Table  I.  We  first  describe  the  film  microstructure,  then  the 
magnetic  properties,  and  finally  the  noise  analysis. 

A.  Microstructure 

Figures  1(a)— 1(d)  show  high  resolution-SEM  (left),  and 
high  resolutuion-TEM  with  selected  area  diffraction  (SAD) 
pattern  (right)  micrographs  of  CoCrTa/Cr.  The  sequence 
from  Figs.  1(a)  to  1(d)  corresponds  to  T,= 25,  100,  175,  and 
250  °C,  respectively.  The  SAD  shows  that  at  low  T,  there  is 
no  definite  growth  direction.  As  Ts  increases,  a  prominent 
(1120)  growth  orientation  develops.  Low  T,  samples  exhibit 
many  stacking  faults,  shown  by  radial  streaks  in  the  diffrac¬ 
tion  pattern;  these  disappear  with  increasing  substrate  tem¬ 
perature.  This  is  likely  due  to  better  crystallographic  match¬ 
ing  between  the  Cr  and  the  CoCrTa  layers  at  higher  T,. 
HRSEM  micrographs  show  that  there  is  a  definite  topo¬ 
graphic  isolation  between  the  CoCrTa  grains  for  low  and 
high  T, ,  but  at  intermediate  Ts- 175  °C  the  grains  appear  to 
be  very  dense.  At  250  "C,  HRTEM  micrographs  show  that 
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FIG.  1.  HRSEM  (left-hand  side),  HRTEM,  and  SAD  (right-hand  side)  of 
CoCrTa/Cr  media  sputtered  at  Ts=2S  (top),  1U0,  175,  and  250  °C  (bottom). 


the  films  exhibit  — 150-200  A-diam  subgrains  that  are  vis¬ 
ibly  isolated  from  each  other.  The  crystallographic  orienta¬ 
tion  and  growth  mechanism  of  such  subgrains  have  been 
described  previously.7  At  high  T, ,  the  isolation  between  the 
subgrains  of  CoCrTa  is  about  10  A,  which  is  sufficient  to 
break  the  intergranular  exchange  interaction.  In  summary, 
with  increasing  temperature  the  film  evolves  from  a  topo¬ 
graphically  isolated  film,  to  a  very  dense  one,  and  finally  to  a 
subgrain-boundary-isolated  structure. 


FIG.  2.  Transition  noise  vs  substrate  sputtering  temperature  for  various  re- 
cording  densities. 

B.  Magnetic  properties 

The  Hc  values  in  Table  I  show  that  H,  remains  nearly 
constant  up  to  T,— 100  °C.  Then  it  linearly  increases  with  T, 
at  a  rate  of  ~8  Oe  °C.  Although  it  has  been  shown1  that  the 
CoCrTa  deposition  temperature  controls  Hc ,  in  this  study 
both  the  Cr  and  CoCrTa  layers  were  heated  to  the  same  Ts . 
In  Table  I,  A//  is  the  magnitude  of  the  field  required  to 
change  the  magnetization  from  -A/,/ 2  to  +  A/,/2.  AH  in¬ 
creases  (S*  decreases)  for  Ts»  150  °C.  High  AH' s  describe 
skewed  hysteresis  loops,  possibly  due  to  a  lower  intergranu¬ 
lar  interaction  with  increasing  7,2*150  °C.  The  orientation 
ratio  OR  =  Af ,  tuc<m,c„u,J  Mr  n6ai  also  increases  for 

150  °C.  TTie  contrast  between  the  linear  variation  of  Hc 
vs  T,  and  the  more  complex  variation  of  the  other  loop  pa¬ 
rameters  points  to  stress  or  the  change  in  crystallographic 
orientation  as  a  coercivity-inducing  mechanism,  since  ther¬ 
mal  effects  are  linear  with  T, .  If  Hc  were  driven  by  an  ex¬ 
change  breaking  mechanism,  it  would  be  expected  to  show  a 
step-like  behavior  as  the  exchange  is  broken. 

C.  Transition  nolsa  and  uniform  magnetization  nolss 

Figure  2  shows  total  TN  power  values,  in  arbitrary  units, 
as  a  function  of  T,  at  various  recording  densities.  For  record¬ 
ing  densities  of  20  and  40  kfei,  the  transition  noise  remains 
nearly  constant  up  to  150  °C.  Then  it  drops  sharply  for  the 


TABLE  I.  Media  magnetic  parameters  and  results. 


T 

CO 

Mrt  (memn/cm2) 

(Oe) 

5 * 

AH 

(Oe) 

OR,  A#r 

TN 

(arb.  units) 

UMN 

(nm) 

CL 

(fan) 

a 

(jim) 

25 

2.69 

553 

0.83 

92 

0.97 

1.301 

30 

1.0 

0.23 

3(10 

2.69 

615 

0.80 

133 

0.98 

1.361 

37 

l.l 

0.22 

150 

2.74 

935 

0.90 

115 

1.13 

1.741 

55 

1.7 

0.17 

200 

2.71 

1450 

0.89 

200 

1.43 

0.755 

29 

1.7 

0.15 

225 

2.68 

1630 

0.87 

232 

1.43 

0.616 

30 

1.6 

0.14 

250 

2.66 

1773 

0.84 

340 

1.34 

0.54 

22 

1.6 

0.13 

4.  AppL  Ptrys..  Vo).  75,  No.  10. 15  May  1994 


Rattan  at «/.  6i«6 


0  1  2  3  4  5 

CURRENT  (.A) 


FIG.  3.  Tot*!  uniform  magnetization  noise  vs  current  for  vtrious  substrmte 
sputtering  temperature. 

200  °C  media,  and  slays  nearly  constant  for  7,2*200  °C.  For 
densities  >40  kfei,  TN  shows  a  maximum  at  FJ~150°C; 
below  and  above  that  temperature,  TN '-constant. 

Figure  3  shows  total  UMN  for  the  various  7/ s  as  a 
function  of  the  reverse  dc  excitation  current.  It  can  be  seen 
that  the  maximum  total  UMN,  which  corresponds  to 
Hvflka=Hc  r ,  increases  with  Ts ,  peaks  for  the  150  °C  me¬ 
dia,  and  then  decreases  for  T,& 200  °C.  The  width  of  the 
UMN  curves,  a  measure  of  the  switching  field  distribution, 
remains  nearly  constant  up  to  150  °C  and  increases  for 
r,3«200  °C.  As  Table  I  shows,  the  total  UMN  and  TN  pow¬ 
ers  exhibit  the  same  complex  temperature  evolution,  which 
differentiates  the  150  °C  media  from  both  the  low  and  high 
T,  films. 

The  UMN  PSD  has  been  shown  both  experimentally810 
and  theoretically12  to  reflect  magnetostatic  and  exchange 
properties  of  the  film.  These  PSDs  were  analyzed  to  obtain 
the  down-track  magnetization  autocorrelation  functions, 
from  which  a  conventionally  defined,  1/e,  correlation  length 
(CL)  can  be  obtained.  For  each  temperature,  the  PSD  was 
found  to  be  approximately  a  Lorentzian  function  of  k,  al¬ 
though  deviating  from  that  functional  form.  The  CLs  are 
-1.0  /im  for  7,  <150  “C,  and  -1.7  pun  for  7,2*150  °C.  This 
CL  variation  was  verified  to  be  experimentally  significant. 

IV.  DISCUSSION 

HRTEM  micrographs  show  that  the  films  sputtered  at 
low  temperatures  have  many  stacking  faults,  while  the  films 
sputtered  at  -175  °C  seems  highly  exchanged  coupled,  and 
those  sputtered  at  7,  >200  °C  have  isolated  subgrains.  VSM 
results  show  that  among  the  various  loop  parameters,  only 
Hc  varies  linearly  with  T, .  The  values  of  TN  and  UMN 
power  show  a  nonmonotonic  dependence  on  7, ,  with  the 
media  sputtered  at  7,-150  °C  exhibiting  maximum  noise. 


This  behavior  corresponds  to  the  structural  evolution  shown 
by  the  HRSEM  and  HRTEM  micrographs:  Figure  1(c)  shows 
highly  exchange-coupled  CoCrTa  grains.  Other  work1’3  has 
shown  a  moootooic  drop  in  media  noise  and  intergranular 
interaction  with  increasing  deposition  temperature  in  isotro¬ 
pic  CoQTVCr.  It  is  likely  that  the  nonmonotonic  depen¬ 
dence  of  noise  that  we  observe  could  be  related  to  the  pre¬ 
ferred  orientation  of  the  CoCrTa/Cr  film.  Although  increased 
intergranular  isolation  has  been  indirectly  shown  using  A  M 
techniques,1'3  our  HRTEM  results  clearly  show  intergranular 
isolation  for  CoCiTa/Cr  media  sputtered  at  high  T, .  Results 
of  down-track  CL  show  no  clear  correlation  with  TN  and 
UMN  for  media  sputtered  at  high  temperatures.  It  is  possible 
that  the  stacking  faults  of  the  lower  7,  films  limit  the  size  of 
the  relaxation  domains  both  in  the  down-track  and  cross- 
track  directions:  for  these  films  the  coerdvity  indicates  a 
high  degree  of  exchange,  while  the  stacking  faults  limit  the 
noise  by  creating  independent,  stacking-fault-isolated,  noise 
sources.  This  could  explain  both  the  lower  noise  power  of 
the  low  7,  films  and  their  shorter  CL. 

The  coerdvity  origin  for  these  films  appears  to  be  at 
most  partially  related  to  the  level  of  exchange  of  the  film.  Hc 
depends  linearly  on  7, ,  whereas  both  the  grain  isolation  mi¬ 
crography  data  as  well  as  the  total  noise  powers  him  at  a 
complex  evolution  of  the  exchange  with  7, .  Although  the 
evolution  of  exchange  and  coerdvity  seem  to  follow  a 
mechanism  for  which  increased  grain  isolation  increases  Hc 
and  reduces  the  noise  above  150  °C,  below  that  temperature 
there  is  no  such  behavior  ascribable  to  exchange.  The  ab¬ 
sence  of  any  deviation  from  linearity  in  the  Hr  vs  7,  relation. 
Table  I,  above  7,= 100  °C  seems  to  rule  out  an  exchange- 
driven  mechanism  of  Hc ,  requiring  other  explanations,  e.g., 
stress-induced  or  crystallographic-induced  Hc  variation. 

The  dependence  of  CLs  and  total  UMN  power  upon  7, 
seems  to  indicate  that,  at  low  temperatures,  stacking  faults 
limit  both  the  cross-track  and  down-track  correlation  lengths, 
while  at  higher  7,  the  noise  is  limited  by  isolated  subgrains. 
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Effects  of  oxide  addition  on  magnetic  and  structural  properties  of  CoNiPt 
alloy  films 

A.  Murayama,  S.  Kondoh,”1  and  M.  Miyamura 
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The  effects  of  oxide  addition  on  magnetic  and  structural  properties  of  sputtered  CoNiPt  alloy  films 
for  high  density  longitudinal  recording  with  a  random  r-axis  orientation  of  hep  Co  have  been 
studied.  It  is  found  that  the  addition  of  Si02  up  to  4.2  at.  %  results  in  a  significant  increase  in  the 
in-plane  coercivity  from  1700  to  2400  Oe  and  a  signal  to  media  noise  ratio  with  a  slight  decrease 
in  coercive  squareness  from  0.90  to  0.87,  while  the  perpendicular  magnetic  anisotropy  is  not 
significantly  changed.  X-ray  diffraction  shows  that  the  r-axis  orientation  normal  to  the  film  plane 
does  not  change  and  the  hep  lattice  is  strained  due  to  the  addition  of  Si02 .  A  marked  decrease  in  the 
grain  size  is  observed  with  the  addition  of  4.2-at.  %  Si02,  which  causes  the  development  of  grain 
separation  and  therefore  enhances  the  coercivity.  The  origin  of  the  increase  in  coercivity  with 
2.1-at.  %  Si02  is  also  discussed. 


I.  INTRODUCTION 

CoPt-bascd  alloy  films  have  attracted  much  interest  for 
use  in  high  density  longitudinal  recording,  because  a  high 
coercivity  (Hc)  of  around  2000  Oe  and  low  media  noise 
properties  can  be  obtained  by  optimizing  both  alloy  compo¬ 
sitions  and  sputtering  processes.1’2  Therefore,  the  relation¬ 
ship  between  the  microstructure  and  magnetic  properties  in 
the  CoPt-based  alloy  films  are  still  the  subject  of  interest. 

On  the  other  hand,  ferromagnetic  metal  films  with  ox¬ 
ide’s  addition  have  been  studied  because  of  their  potential  for 
high  Hc  ?  Magnetic  anisotropy  originating  from  the  interface 
between  the  metal  and  the  oxide  is  discussed.4  Recently,  the 
addition  of  oxides  such  as  Si02  to  CoCrPt  magnetic  films  has 
been  shown  to  cause  an  increase  in  both  in-plane  Hc  and 
coercive  squareness  (S')  due  to  the  reduction  of  the  strong 
hep  Co  c-axis  texture  perpendicular  to  the  film  plane.5 

In  this  paper,  we  report  the  effects  of  Si02  addition  on 
CoNiPt  alloy  films  which  have  a  random  hep  Co  c-axis  ori¬ 
entation  and  strong  in-plane  magnetic  anisotropy. 

II.  EXPERIMENTAL  PROCEDURE 

A  NiP  underlayer2  with  a  thickness  of  420  A  and  a 
CoNiPt  magnetic  layer  were  successively  deposited  on  NiP- 
plated  and  mechanically  textured  A1  substrates  by  rf  sputter¬ 
ing.  At  pressure  during  the  deposition  was  20  mTorr.  SiOj 
was  added  to  the  CoNiPt  films  by  placing  pure  Si02  chips  on 
the  CosiNi7PtI2  alloy  target.  The  composition  of  the  Si02 
was  controlled  from  0  to  8  at.  %  by  changing  the  number  of 
the  chips  and  the  overall  composition  was  determined  by  ICP 
and  Auger  electron  spectroscopy  (AES). 

Magnetic  hysteresis  curves  were  measured  by  the  vibrat¬ 
ing  sample  magnetometer  (VSM)  and  magnetic  anisotropies 
were  evaluated  by  a  torque  magnetometer.  Media  noise  was 
measured  by  a  recording  tester  using  thin  film  bead.  Signal 
frequency  was  6  MHz  and  media  noise  integrated  in  the 
range  from  0  to  13  MHz  was  measured  as  a  ratio  to  the 
signal  intensity  (STMNR).  The  Si-O  bonding  state  in  the 
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sputtered  alloy  films  were  analyzed  by  XPS.  Crystal  struc¬ 
tures,  such  as  lattice  constant,  crystal  orientation,  and  crys¬ 
tallinity  were  determined  by  using  x-ray  diffraction  with  Cu¬ 
ff  a  radiation.  Grain  structure  was  observed  by  SEM  and 
TEM. 

III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  in-plane  magnetic  hysteresis  properties, 
such  as  in-plane  Hc,  thickness  saturation-magnetization 
product  (tM,)  and  S* ,  measured  by  VSM  as  a  function  of 
Si02  content  in  the  CoNiPtjSiO^  films  with  a  constant  film 
thickness  of  525  A.  Hc  rapidly  increases  from  1400  to  2600 
Oe  with  increasing  Si02  to  3.5  at.  %.  Saturation  magnetiza¬ 
tion  gradually  decreases  as  the  amount  of  Si02  increases.  S* 
decreases  slightly  from  0.90  to  0.85  in  the  range  from  0  to 
3.5-at.  %  SiOz. 

Magnetic  properties  of  the  CoNiPt(Si02),  films  with 
constant  tM ,  of  4.50  ±0.15  memu/cm2  are  listed  in  Table  1. 
The  addition  of  Si02  results  in  the  significant  increase  in  Hc 
without  a  large  reduction  of  squareness.  The  uniaxial  anisot¬ 
ropy  energy  Kx  is  measured  by  the  field  dependence  of  the 
torque  for  the  direction  at  45°  from  the  film  normal.6  The 
magnetic  anisotropy  energy  A  including  shape  anisotropy 
energy  is  calculated  by  the  equation,  as  follows: 

K=K1_  +  2nM]. 

The  observed  values  of  K±  are  positive,  which  indicates  that 
the  in-plane  uniaxial  anisotropy  exists.  The  Si02  addition 
causes  the  slight  increase  in  the  Kx .  However,  this  increase 
in  the  K± ,  which  means  the  increase  in  the  in-plane  anisot¬ 
ropy,  is  relatively  small  compared  with  the  shape  anisotropy. 
No  systematic  dependence  of  K  which  represents  macro¬ 
scopic  in-plane  magnetic  anisotropy,  with  respect  to  the  Si02 
content,  is  observed  and  the  increase  of  with  Si02  addi¬ 
tion  cannot  be  explained  by  the  increase  in  KL  .  Media  noise 
is  also  shown  as  STMNR  in  Table  I.  The  addition  of  Si02  is 
very  effective  for  reduction  of  the  media  noise. 

XPS  shows  the  chemical  shift  in  the  binding  energy  of  Si 
atoms  in  the  sputtered  films  is  close  to  that  of  bulk  Si02, 
which  indicates  that  the  Si  atoms  in  the  sputtered  film  are  in 
the  form  of  Si02.  The  formation  of  Si02  in  the  sputtered 
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FIG.  1.  Magnetic  hysteresis  properties,  such  as  H.  (a),  tU,  (b),  and  S*  it) 
in  CoNiPtiSiOJ  films  with  a  constant  thickness  of  525  A,  as  a  function  of 
SiOj  content. 


films  play  an  important  role  in  the  Hc  enhancement.  This 
result  is  also  supported  by  the  fact  that  Si  addition  is  not 
effective  for  the  Hc  increase. 

X-ray  diffraction  patterns  from  CoNiPtfSiOj)*  alloy 
films  are  shown  in  Fig.  2.  Diffraction  angles  (20)  of  pure  hep 
Co  as  a  bulk  are  20(too)=41.72°,  20(OO2)=44.8O°,  and 
20(ioi)=47.61°,  respectively.  Diffraction  angles  of  a  bulk 
CoNiPt  (target  piece)  are  measured  as  20(ioo)=4O.68'\ 
20(OO2)=43.73”,  and  20(lOi) =46.45°,  respectively.  Thus  dif¬ 
fraction  peaks  of  the  expanded  hep  Co  lattice  due  to  the 
alloying  are  observed  in  the  sputtered  CoNiPt  film.  The  ratio 
of  integrated  intensity  (/)  of  the  diffraction  peak  from  the 
CoNiPt  film  is  calculated  to  be  f(loo)//(ioi)=0.58  and  /( 002)/ 


FIG.  2.  X-ray  diffractions  from  G)NiPt(StO>l,  films,  where  x=0  la).  2.1 

(b),  and  4.2  (cl. 


/(ioi)=O.S7.  in  hep  Co  with  a  perfect  random  c-axis  orien¬ 
tation,  the  ratio  is  /(iuo)//(i0i)=O.2O  and  /(002)//(ioi)=0.60. 
Hence,  the  c-axis  orientation  in  the  CoNiPt  film  is  random 
except  that  the  degree  of  the  (100)  plane  parallel  to  the  film 
plane  is  relatively  higher,  i.e.,  the  film  is  of  slight  (100)  tex¬ 
ture,  which  is  also  confirmed  by  three-dimensional  distribu¬ 
tion  of  each  planes  in  pole  figure  analysis.  The  diffraction 
peak  from  the  (101)  plane  is  largely  broadened.  The  addition 
of  Si02  enhances  the  expansion  of  the  hep  lattice,  in  com¬ 
parison  with  that  in  the  CoNiPt  film  without  Si02.  This  re¬ 
sult  suggests  that  the  hep  lattice  is  strained  by  thermal  in¬ 
duced  stress  due  to  the  interface  between  Si02  and  CoNiPt. 
Integrated  intensities  of  each  diffraction  peak  are  not  influ¬ 
enced  by  the  addition  of  Si02  and  the  intensity  ratio  is  the 
same  as  that  in  the  CoNiPt  film  with  a  random  c-axis  orien¬ 
tation. 

Figure  3  shows  grain  structure  of  the  surface  of 
CoNiPt(Si02)I  films,  observed  by  SEM.  Grain  size  is  signifi¬ 
cantly  reduced  by  the  addition  of  4.2-at.  %  Si02,  while  that 
in  the  film  with  2.1  -at.  %  Si02  is  not  strongly  influenced.  It  is 
suggested  that  the  excess  Si02  except  that  present  in  the 
grain  prevents  the  coalescence  of  grains  during  grain  growth 
and/or  enhances  the  nucleation  density  at  the  initial  stage  of 
the  grain  growth.  Well  separated  fine  grains  with  a  diameter 
from  50  to  200  A  are  clarified  in  the  CoNiPt(Si02)4  2  film,  by 
TEM  analysis  as  shown  in  Fig.  4.  At  present,  it  cannot  be 
identified  whether  the  excess  Si02  exists  at  grain  boundaries. 
By  observing  the  grain  structures,  the  magnetic  separation 
among  crystal  grains  are  enhanced  in  the  film  with  4.2-at.  % 
Si02 .  This  change  of  grain  separation  can  cause  an  increase 
in  Hc  and  a  decrease  in  S*  and  media  noise  without  the 
change  of  the  c-axis  orientation  of  the  hep  lattice  in  those 


TABLE  l.  Magnetic  properties  in  CoNiPttSiO;),  U  -0,  2.1,  4.2  at.  %)  films  with  a  constant  tM,  of  4.5 
memufan2,  measured  by  VSM  and  a  torque  magnetometer. 


Alloy 

DEKTAK 

Thickness 

(A) 

VSM 

H' 

(Oe) 

tMs 

tUr 

S 

S* 

M, 

(G) 

Torque 

(erglcc) 

K 

(erg/cc) 

Media  noise 
STMNR 
(dB) 

(mcmu/cm2) 

CoNiPl 

458 

1680 

435 

3.24 

0.744 

0.903 

950 

2.29X10* 

7.96X10* 

233 

CoNiPtfSiO^, 

500 

2009 

4.62 

3.36 

0.730 

0.894 

924 

2.65x10* 

8.01X10* 

273 

CoNiPtfSiO*)^ 

550 

2414 

4.60 

3.22 

0.698 

0.869 

836 

3.11X10* 

7.50X10* 

29.4 
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FIG.  3.  SEM  images  of  the  surface  of  CuNiPtiSlO.i,  (x  =0,  2.1,  4.2  at.  %) 
tilths. 


systems  composed  of  exchange  coupled  crystal  grains  with  a 
random  c-axis  orientation.7 

Finally,  we  consider  the  origin  of  the  Hc  increase  with 
the  addition  of  a  small  amount  of  Si02.  From  TEM  analysis, 
in  the  film  with  2.1-at.  %  Si02,  the  degree  of  grain  separa¬ 
tion  between  crystal  grains  is  observed  to  be  similar  to  that  in 
CoNiPt  film  without  Si02.  The  shape  and  outline  of  the 
grains  are  observed  to  be  more  clear  than  those  in  pure 
CoNiPt  film.  It  suggests  that  the  addition  of  a  small  amount 
of  Si02  influence  the  coalescence  of  the  grain,  possibly  due 
to  the  existence  of  Si02  at  the  grain  boundary1.  In  addition, 
media  noise  is  significantly  reduced  even  by  the  addition  of 
2.1-at.  %  Si02,  which  suggests  that  the  degree  of  magnetic 
isolation  between  grains  is  developed.  In  addition,  the  hep 
lattice  is  expanded  by  the  Si02  addition.  In  granular  metal- 


500  A 


FIG.  4.  TEM  image  of  the  grain  structure  in  the  CoNiPt(Si02)4  2  film. 

oxide  films,  stress  induced  magneto-elastic  anisotropy  due  to 
the  lattice  misfit  and  the  dislocation  at  the  interface  between 
the  metal  and  the  oxide  has  been  discussed.4'8  Therefore,  the 
increase  in  crystalline  anisotropy  of  each  grain  is  due  to  the 
expansion  of  the  hep  lattice  mainly  originated  from  the  dif¬ 
ference  of  the  thermal  expansion  coefficient  between  the 
CoNiPt  and  the  Si02  at  the  grain  boundary  is  also  considered 
as  a  possible  contribution  to  enhance  H  e ,  in  this  alloy  sys¬ 
tem. 

IV.  CONCLUSIONS 

Effects  of  Si02  addition  on  magnetic  and  structural  prop¬ 
erties  have  been  studied  in  CoNiPt  alloy  films  with  a  random 
c-axis  orientation.  A  significant  increase  in  Hc  and  signal  to 
media  noise  ratio  with  a  slight  decrease  in  S*  are  observed, 
while  the  perpendicular  magnetic  anisotropy  decreases, 
slightly.  The  hep  lattice  is  expanded  and  the  orientation  of 
the  c  axis  normal  to  the  film  plane  is  not  changed  by  the 
addition  of  the  Si02.  A  heavy  doping  of  Si02  arises  a  marked 
decrease  in  the  grain  size  and  development  of  intergranular 
isolation,  which  result  in  the  increase  in  Hc  and  the  decrease 
in  S*  and  media  noise.  The  origin  of  the  increase  in  Hc  with 
a  small  addition  of  Si02  is  also  discussed. 
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Comparison  of  reproduce  signal  and  noise  of  conventional  and  keepered 
CoCrTa/Cr  thin  film  media 
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We  studied  keepered  high  coerdvity  CoCrTa/Cr  thin  film  media  with  a  Cr  isolation  layer  between 
the  CoCrTa  storage  and  an  overcoating  of  an  isotropic  NiFe  soft  magnetic  layer.  The  influence  of  the 
thickness  of  the  NiFe  and  Cr  layers,  and  the  effects  of  head  bias  current  on  the  signal  output  and 
noise,  were  studied  using  a  thin  film  head.  The  reproduced  signal  increased  by  7.3  dB,  but  the 
signai-to- noise  ratio  decreased  by  4  dB  at  a  linear  density  of  2100  ff/mm  (53.3  kfr/in.)  with  a  1000 
A  thick  NiFe  keeper  layer.  The  medium  noise  increased  with  increasing  NiFe  thickness  and  the 
signal  output  decreased  with  decreasing  Cr  thickness.  A  low  output  signal  obtained  with  very  thin 
Cr  may  be  due  to  magnetic  interactions  between  the  keeper  layer  and  magnetic  media  layer.  It  is 
observed  that  signal  distortion  and  timing  asymmetry  of  the  output  signals  depend  on  the  thickness 
of  the  keeper  layer  and  the  head  bias  current.  The  signal  distortion  increased  and  the  timing 
asymmetry  decreased  as  the  head  bias  current  was  increased.  These  results  may  be  associated  with 
different  permeability  of  the  keeper  under  the  poles  of  the  thin  film  head  due  to  the  superposition  of 
head  bias  and  bit  fields. 


I.  INTRODUCTION 

In  recent  years,  the  thickness  of  thin  film  media  and  the 
flying  height  have  been  reduced  significantly  to  meet  the 
requirements  for  higher  recording  densities.  A  novel  method 
of  increasing  the  reproduce  signal  by  using  a  magnetically 
soft  keeper  overcoating  to  effectively  reduce  the  spacing  loss 
of  the  reproduce  signal  has  been  proposed.1,2 

In  keepered  media,  conventional  longitudinal  thin  film 
media  are  coated  with  a  low-coercivity  and  high- 
permeability  magnetic  thin  film  (NiFe).  A  thin  carbon  isola¬ 
tion  layer  between  the  magnetic  media  and  the  soft  magnetic 
overcoating  has  been  used  to  break  the  magnetic 
interactions.3  The  magnetically  soft  keeper  acts  as  a  low  re¬ 
luctance  flux  closure  path  between  transitions.  A  dc  bias  cur¬ 
rent  is  applied  to  a  read  head  to  saturate  the  keeper  layer  in 
the  gap  area.  The  reproduce  signal  can  then  be  obtained 
without  spacing  loss  due  to  the  coupling  between  the  read 
head  and  soft  magnetic  layer.  A  substantial  increase  in  signal 
output  and  reduction  in  the  bit  error  rate  at  high  bit  densities 
has  been  reported.3  However,  the  noise  characteristics  due  to 
the  soft  magnetic  layer  have  not  been  reported. 

The  purpose  of  this  paper  is  to  use  Cr  instead  of  C  as  the 
isolation  layer  material  and  to  study  the  effects  of  the  thick¬ 
ness  of  the  Cr  and  the  NiFe  keeper  layer  on  the  reproduce 
signal  and  noise  of  keepered  high-coercivity  CoCrTa/Cr  thin 
film  media. 

II.  EXPERIMENTAL  PROCEDURE 

Keepered  thin  film  media  were  prepared  by  dc  magne¬ 
tron  and  rf  sputtering  on  textured  3.5  in.  NiP/AlMg  disk 
substrates.  The  CoCtTa/Cr  media  were  prepared  using  a  Te- 
mescal  magnetron  sputtering  system,  and  then  the  media  was 
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overcoated  with  an  isolation  layer  of  Cr  films  (50-200  A).  A 
magnetically  soft  keeper  layer  of  Permalloy  (Nis3Fe17)  was 
then  deposited  on  the  Cr  isolation  layer  using  a  Perkin- 
Elmer  RF  sputtering  system.  A  substrate  bias  of  - 100  V  was 
applied  during  the  NiFe  deposition. 

A  vibrating  sample  magnetometer  (VSM)  was  used  to 
measure  the  magnetic  properties  of  the  films.  A  spin  tester 
was  used  to  characterize  the  output  signal,  medium  noise, 
and  signal-to-noise  ratio  (S/N).  Recording  properties  were 
measured  with  a  12  turn  thin  film  head  with  a  gap  length  of 
0.56  ftm  and  a  track  width  of  20  pan.  The  linear  velocity  of 
the  head  was  10.2  m/s.  Small  DC  bias  currents  from  0.5  to  3 
mA  were  applied  to  the  head  coil  during  measuring  of  the 
reproduce  signal.  The  saturation  write  current  at  a  recording 
density  of  100  ff/mm  was  25  mA.  The  medium  noise  was 
measured  with  a  spectrum  analyzer  with  a  total  bandwidth  of 
20  MHz. 

ill.  RESULTS  AND  DISCUSSION 

The  hysteresis  curve  of  a  1000  A  NiFe  deposited  on  a  50 
A  Cr  film  on  a  glass  substrate  is  shown  in  Fig.  1.  The  coer- 
civity  of  1000  A  NiFe  was  2  Oe  and  it  decreased  to  1.4  Oe 
for  a  500  A  NiFe  deposited  on  a  50  A  Cr  film.  The  coercivity 
of  the  CoCrTa/Cr  thin  film  media  was  1500  Oe. 

Figure  2(a)  shows  the  influence  of  NiFe  thickness  on  the 
reproduce  signal.  The  thickness  of  a  CoCrTa  layer  and  a  Cr 
isolation  layer  was  kept  at  500  and  100  A,  respectively.  As 
the  thickness  of  the  NiFe  film  increased  from  200  to  1000  A, 
the  output  signal  increased.  A  maximum  increase  of  7.3  dB 
at  a  linear  density  of  2100  fr/mm  was  obtained  with  a  1000 
A  thick  keeper  layer.  This  result  implies  that  when  the  thick¬ 
ness  of  the  keeper  layer  is  small,  there  is  still  some  leakage 
of  flux  from  the  recorded  bit  that  does  not  contribute  to  the 
reproduce  signal.  If  the  thickness  of  the  keeper  layer  was  thin 
(200  A),  the  head  read  through  the  keeper  layer  with  zero 
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FIG.  1.  The  typical  hysteresis  curve  of  1000  A  NiFe/50  A  Cr/glass  sample 
(He =2  Oe). 


bias  current.  When  the  NiFe  thickness  was  200  and  600  A, 
the  increases  in  output  signal  were  small  and  decreased  as 
the  linear  density  increased.  However,  when  the  NiFe  thick¬ 
ness  was  1000  A,  a  maximum  increase  was  obtained  at  high 
density,  which  was  also  reported  by  Kao3  and  Gooch.4  How¬ 
ever,  there  was  an  asymmetry  with  a  distortion  at  the  bottom 
of  an  isolated  pulse  being  observed.  As  the  thickness  of  the 
NiFe  increased,  the  degree  of  distortion  of  the  signal  in¬ 
creased.  As  shown  in  Fig.  2(b),  the  noise  also  increased  with 
increasing  thickness  of  the  NiFe  layer.  The  noise  level  was 
very  high  at  very  low  density.  Beyond  that  region  the  noise 
did  not  change  much  with  recording  density.  Therefore,  even 
though  there  was  an  increase  in  output  signal,  the  S/N  ratio 
>  did  not  show  improvement,  especially  for  thick  NiFe 

keepered  media. 

Figure  3  shows  the  effect  of  the  Cr  isolation  layer  thick¬ 
ness  on  the  amplitude  of  the  signal  output.  In  this  case,  NiFe 
thickness  was  kept  at  600  A.  A  readable  signal  could  not  be 
detected  without  a  Cr  isolation  layer,  which  is  contrary  to  the 
result  reported  by  Gooch  et  aL*  They  did  not  deposit  an  iso¬ 
lation  layer  between  the  thin  film  media  storage  and  the  NiFe 
keeper  layer,  but  there  might  have  been  an  oxide  layer  on  the 
surface  of  the  media.  The  output  signal  increased  with  an 
increase  of  the  Cr  isolation  layer  thickness  up  to  200  A.  The 
small  signal  at  small  isolation  layer  thickness  might  be  due 
to  the  magnetic  interaction  between  NiFe  and  CoCrTa  layers. 
The  output  signal  may  decrease  after  an  optimum  thickness 
of  the  Cr  isolation  layer,  because  the  isolation  layer  increases 
spacing  between  the  head  and  CoCrTa  media. 

Figures  4(a)  and  4(b)  show  the  hysteresis  curve  of  600  A 
NiFe/500  A  CoCrTVglass  and  600  A  NiFe/50  A  Cr/500  A 
CoCrTa/giass  samples.  Without  a  Cr  isolation  layer,  the  co- 
ercivity  of  NiFe  film  was  93  Oe,  and  it  decreased  to  12  Oe 
with  50  A  of  Cr  isolation  layer.  The  Cr  isolation  layers  de¬ 
couple  the  interactions  between  the  high  coercivity  media 
and  the  soft  magnetic  keeper  layer.  With  a  50  A  thick  isola¬ 
tion  layer,  the  signal  output  was  smaller  than  for  conven¬ 
tional  media.  In  this  case,  such  a  very  thin  isolation  layer 
might  not  be  continuous  and  may  have  pinholes  that  might 
induce  magnetic  interaction  between  the  media  and  the  NiFe 
film,  such  that  the  keeper  layer  might  not  be  fully  saturated 
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FIG.  2.  (a)  The  effect  of  the  thickness  of  NiFe  on  signal  output,  (b)  The 
effect  of  the  thickness  of  NiFe  on  noise,  (c)  The  effect  of  the  thickness  of 
NiFe  oo  the  signal -to-noise  ratio.  (The  thickness  of  the  Cr  isolation  layer  is 
fixed  u  100  A) 

with  a  small  bias  current.  With  100  and  200  A  of  the  isola¬ 
tion  layer,  the  signal  output  was  improved. 

Several  important  effects  of  keepered  media  are  the  tim¬ 
ing  asymmetry,  the  output  signal  shape,  and  the  hump  at  the 
edge  of  an  isolated  signal.  The  influence  of  bias  current  on 
the  signal  output  and  timing  asymmetry  is  shown  in  Fig.  5. 
An  optimum  bias  current  was  about  1.8  mA  with  a  100  A  Cr 
isolation  layer  and  a  600  A  keeper  layer.  The  timing  differ¬ 
ence  between  the  leading  and  trailing  pulse  decreased  with  a 
bias  current  from  115  ns  at  0.8  mA  to  2.3  ns  at  3.0  mA.  The 
signal  distortion  became  smaller  and  eventually  became  flat 
as  the  bias  decreased  from  2.0  mA  to  0.75  mA.  The  timing 
asymmetry  observed  in  keepered  media  may  be  due  to  the 
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FIG.  3.  The  effect  of  the  thickness  of  the  Cr  isolation  layer  on  the  output 
signal.  (The  thickness  of  NiFe  is  Used  at  600  A.) 

additive  and  subtractive  superposition  of  the  magnetic  field 
from  the  bias  current  and  stray  field  from  the  recorded  bits. 
This  effect  results  in  low  and  high  permeabilities  of  the 
keeper  layer  under  the  pole  tips  of  the  thin  film  head. 


FIG.  4.  Hysteresis  curves  of  (a)  600  A  NiFe/500  A  CoCtTa/glass,  and  (b) 
600  A  NiFe/50  A  a/500  A  CoCtTs/gltss. 


FIG.  5.  The  effect  of  bias  current  on  the  output  signal.  (The  thickness  of  the 
Cr  isolation  layer  and  NiFe  is  100  and  600  A,  respectively.) 

IV.  CONCLUSION 

Experimental  research  is  carried  out  on  longitudinal 
CoCtTa/Cr  thin  film  media  with  a  NiFe  soft  magnetic  layer 
and  a  Cr  isolation  layer.  It  is  studied  about  the  effects  of  the 
thickness  of  a  NiFe  keeper  layer,  Cr  isolation  layer,  and  bias 
current  on  the  reproduce  signal  and  medium  noise  of  the 
keepered  media.  The  following  is  concluded. 

(1)  The  signal  output  increases  with  increasing  NiFe 
thickness.  However,  there  was  a  large  increase  in  medium 
noise  with  an  increase  in  the  thickness  of  the  NiFe  keeper 
layer. 

(2)  Without  a  Cr  isolation  layer,  a  readable  signal  could 
not  be  obtained  due  to  magnetic  interactions  between  NiFe 
and  CoCrTa  films.  The  signal  output  increased  as  the  Cr 
thickness  increased.  A  low  output  signal  from  the  thin  Cr 
might  be  due  to  the  magnetic  interaction  between  the  keeper 
layer  and  the  CoCrTa  storage  layer,  or  a  reduction  of  the 
permeability  of  the  keeper  layer. 

(3)  A  timing  asymmetry  of  the  output  signal  was  ob¬ 
served,  which  decreased  with  increasing  bias  current.  A  dis¬ 
tortion  of  the  signal  at  the  edge  was  observed. 
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The  static  n  properties  and  the  film  structure  of  Co  alloy  recording  media  made  under 

different  dep,  ,  and  annealing  temperatures  were  investigated.  With  increasing  film  coercivity 
an  increase  of  the  grain  size  and  a  reduction  of  the  positive  peak  in  the  dM  plots  were  observed.  It 
is  believed  that  reduced  exchange  coupling  was  achieved  by  preferential  Cr  segregation  at  the  grain 
boundaries  during  high-temperature  processing. 


One  of  the  important  requirements  for  attaining  higher 
recording  density  in  magnetic  hard  disks  is  an  increase  in  the 
film  coercivity  (Hc).  There  are  various  process  factors  which 
affect  Hc,  such  as  Co  alloy  composition,  Cr  underlayer  thick¬ 
ness,  deposition  temperature,  A r  pressure,  dc  bias,  etc.  It  is 
known  that  both  bigh-temperature  deposition  and  post¬ 
annealing  are  effective  in  producing  a  high  Hc  in  Co  alloy 
thin  films,'-3  although  the  detailed  mechanism  of  Hc  is  not 
fully  understood  yet.  However,  conventional  Al/NiP  sub¬ 
strates  have  a  problem  at  high  temperature  due  to  crystalli¬ 
zation  of  amorphous  NiP.  Recently  developed  ultradensified 
amorphous  carbon  (UDAC)  substrates4  have  a  high  heat  re¬ 
sistance  which  allows  sputtering  at  higher  substrate  tempera¬ 
tures  and  post-annealing.  In  this  paper  the  process  tempera¬ 
ture  dependence  of  the  static  magnetic  properties  of  Co  alloy 
media  was  studied. 

The  Co  alloy  media  were  prepared  on  polished  UDAC 
substrates  by  dc  magnetron  sputtering  with  Cr,  CoCrX  (X 
=Ni,  Ta,  or  Pt),  and  carbon  or  Zr  targets.  The  Zr  was  used 
for  annealing  experiments.  The  Ar  pressure  was  3-5  mTorr 
and  the  substrates  were  kept  at  temperatures  ranging  from  30 
to  300  °C  by  heaters  located  behind  the  substrates.  The  post¬ 
annealing  was  performed  at  temperatures  between  350  and 
800  “C  at  a  pressure  of  30  mTorr.3  The  M-H  loop  and  dM 
plots  were  measured  with  a  vibrating  sample  magnetometer 
(VSM)  and  rotational  hysteresis  loss  measurements  were  car¬ 
ried  out  with  a  torque  magnetometer.  Structural  analysis  was 
carried  out  by  transmission  electron  microscopy  (TEM). 

Figure  1  shows  the  relationship  between  deposition  tem¬ 
perature  (Ts)  and  Hc  for  the  three  Co  alloy  media.  Since 
polished  substrates  were  used,  no  magnetic  anisotropy  was 
observed  in  the  film  plane.  In  all  three  cases,  as  T,  increases 
up  to  around  200  °C,  H<  increases  and  at  the  same  time  S* 
decreases.  Figure  2  shows  TEM  images  of  CoygCr^Pl^  me¬ 
dia:  (a)  deposited  at  30  °C  and  (b)  at  250  °C.  The  Hc  of 
samples  (a)  and  (b)  are  1530  and  2670  Oe,  respectively.  For 
our  sputtering  conditions,  the  films  have  a  heavily  densified 
structure  and  no  physical  separation  between  grains  was  ob¬ 
served.  By  conventional  x-ray  and  selected  area  electron  dif¬ 
fraction,  no  significant  difference  in  crystal  orientation  is  ob¬ 
served  between  the  samples  deposited  at  different 
temperatures.  In  Fig.  2  it  is  clear  that  the  grain  size  increases 
and  surface  roughness  decreases  as  T,  increases.  These  phe- 
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nomena  were  observed  in  all  three  alloy  cases  and  are  due  to 
the  shadowing  effect  and  to  the  increase  in  mobility  of  sput¬ 
tered  atoms  with  temperature.  The  grain  size  and  surface 
roughness  may  be  related  to  Hc.  The  origin  of  Hc  decrease  at 
higher  deposition  temperature  is  not  clear  at  this  moment. 
However,  it  is  confirmed  that  the  temperature  that  gives  the 
maximum  Hc  depends  on  the  Ar  pressure  and  the  dc  bias 
voltage.5  Figure  3  is  a  high-resolution  cross-sectional  TEM 
image  of  C07oCr,gPt,2.  It  is  obvious  that  Co  alloy  columns 
have  a  replica  structure  of  the  Cr  underlayer  columns.  Stack¬ 
ing  faults  were  frequently  observed  in  the  Co  alloy  layer  and 
its  density  tends  to  slightly  increase  as  the  deposition  tem¬ 
perature  increases.  The  fee  phase  of  the  Co  alloy  was  occa¬ 
sionally  observed  in  the  films.6  However,  the  effect  of  stack¬ 
ing  faults  and  fee  phase  on  Hc  is  not  clear  at  this  moment. 

Figure  4  is  a  dM  plot  of  CoTgCr^Pt^  media.  dM(H)  is 
defined  as  dM(H)=ld(H)llr(oo)-[l -2/,(//)//r(®)].7  /, 
and  ld  are  the  isothermal  remanent  magnetization  and  the  dc 
demagnetization  remanent  magnetization,  respectively.  Since 
the  dM  behavior  is  related  to  the  magnetic  interactions  be¬ 
tween  grains  in  the  magnetic  film,  dM  plots  have  been  used 
to  understand  the  media  noise.8’6  As  Ts  increases,  the  posi¬ 
tive  peak  decreases.  This  tendency  was  observed  in  all  three 
alloy  cases.  A  positive  peak  in  a  dM  plot  reveals  the  exist¬ 
ence  of  exchange  coupling  between  the  grains  in  the  ferro¬ 
magnetic  films  and  its  height  is  related  to  the  degree  of  cou¬ 
pling.  Therefore,  it  is  believed  there  is  less  exchange 
coupling  at  higher  deposition  temperatures,  leading  to  a 
higher  film  coercivity.  Since  there  is  no  physical  separation 
between  the  grains  in  our  films,  the  decoupling  may  be 
achieved  by  a  nonmagnetic  layer  formed  between  the  grains. 

It  is  reported  that  under  suitable  annealing  conditions  the 
Hc  of  Co  alloy  media  can  be  improved  drastically.3  Figure  5 
shows  dM  plots  of  unannealed  and  annealed  Co^CruPt^ 
media  with  Hc  of  1560, 2670,  and  3040  Oe,  respectively.  On 
the  unannealed  sample  a  strong  positive  peak  was  observed, 
which  decreases  and  finally  disappears  as  the  annealing  tem¬ 
perature  increases.  This  tendency  was  also  observed  in  all 
three  Co  alloy  cases.  Figure  6  shows  TEM  images  of 
Co^Cr^T^  both  unannealed  and  annealed  at  700  °C.  The 
grain  size  increases  slightly  after  high-temperature  annealing 
and  a  reaction  occurs  at  the  interface  between  the  Cr  and  Co 
alloy  layers.  It  was  confirmed  by  high-resolution  EDS  analy¬ 
sis  that  the  Cr  concentration  both  in  the  grains  and  at  the 
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HO.  1.  The  relationship  between  T,  and  Hc  of  Co^Cr^Pt^,  Co*)CrlJNi}1, 
and  CoMCrllTa4  media. 


grain  boundaries  increases  due  to  annealing.  However,  the 
increase  of  the  Cr  concentration  at  the  grain  boundaries  is 
greater  than  in  the  grains.3  These  results  suggest  that  prefer¬ 
ential  Cr  segregation  from  the  Cr  underlayer  to  the  Co  grain 
boundaries  forms  a  thin  nonmagnetic  layer  at  the  grain 
boundaries.  This  layer  then  reduces  the  exchange  coupling 
between  grains  and  improves  the  film  coercivity.  The  Cr  con¬ 
centration  of  the  sample  deposited  at  high  temperature  has 
not  been  confirmed  experimentally,  but  since  the  temperature 
dependence  of  the  AM  plots  is  similar,  the  mechanism  of  Hc 
is  believed  to  be  the  same  as  in  the  annealing  case.  On  the 
other  hand,  the  negative  peak  in  the  AM  plot  reveals  the 
presence  of  magnetostatic  interactions.  The  negative  peak 
tends  to  increase  through  high-temperature  annealing.  This 
may  be  related  to  the  grain  size  increase  during  the  anneal¬ 
ing. 


FIG.  3.  HREM  image  of  the  interface  of  CoTyCr1KPti:  and  Cr  underlayer 
The  dark  lines  in  Co7oCr,gPt,2  layer  whose  direction  is  indicated  by  arrows 
are  stacking  faults. 


It  has  been  reported  that  the  magnetic  anisotropy  field 
(Hk)  does  not  depend  on  the  film  coercivity  in  the  same  alloy 
and  Hc  is  strongly  related  to  the  inteigranular  magnetic 
interactions.10  Figure  7  shows  the  relationship  between  nor¬ 
malized  Hc  and  normalized  Ht  The  normalized  Hc  (//,)  was 
obtained  by  dividing  Hc(Hk)  by  the  Hc(Hk)  of  the  sample 
deposited  at  200  DC  without  annealing.  The  Ht  was  mea¬ 
sured  as  the  magnetic  field  at  which  extrapolation  of  the 
rotational  hysteresis  loss  curve  becomes  zero.10  The  Hk  val¬ 
ues  of  CoCrTa,  CoCrNi,  and  CoCrPt  media  do  not  change 
drastically  within  the  same  alloy  even  though  the  Hc 
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FIG.  4.  SM  plots  of  Co.,Cr..Pt);  media.  The  media  were  deposited  at  (a) 
FK3.  2.  Bright  field  crosa-sectiooal  TEM  images  of  Co.jOi.Pl.,  media,  (a)  30.  (b)  100,  and  (c)  200  °C.  The  positive  peak  height  decreases  with  depo- 

Depoaited  at  30  *C;  (b)  deposited  at  250  °C.  sition  temperature. 
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FIG.  5.  dM  plots  of  CoTjCrijPtj;  media.  (a)  TV  unannealed  media;  (bj  tbe 
media  annealed  at  500  “C  and  (c)  at  600  °C.  The  positive  peak  height  de¬ 
creases  with  annealing  temperature. 

changes.  There  is  a  tendency  for  the  H k  values  of  the  media 
with  lower  Hc  within  the  same  alloy  to  be  smaller  than  that 
of  the  media  with  higher  Hc.  The  Ht  measured  from  the 
rotational  hysteresis  loss  curve  is  not  the  same  as  the  intrin¬ 
sic  Hk  if  the  interactions  between  the  grains  are  too  strong. 
The  SM  plots  indicate  that  the  lower  Hc  san  pies  within  the 
same  alloy  have  strong  exchange  coupling  and  therefore  the 
Ht  of  the  lower  Hc  sample  within  the  same  alloy  is  not  close 


FIG.  6.  Cross-sectional  TEM  images  of  Co*,Cri;Tl:  media,  (a)  Unannealed 
and  (b)  annealed  at  700  *C 


FIG.  7.  The  relationship  between  normalized  Hc  and  normalized  Ht. 

to  the  value  of  the  intrinsic  Hk.  Therefore  it  is  believed  that 
the  intrinsic  Hk  is  not  affected  significantly  by  the  different 
process  temperatures  and  it  is  concluded  that  a  decrease  in 
exchange  coupling  due  to  Cr  segregation  at  the  grain  bound¬ 
aries  strongly  improves  the  film  coercivity  both  for  higher 
temperature  deposition  and  post-annealing.  The  transition 
noise  is  strongly  related  to  the  exchange  coupling  in  the 
magnetic  films.  Therefore  high-temperature  processing  not 
only  helps  improve  the  Hc  but  also  reduces  the  media  noise. 
A  preliminary  study  indicates  that  the  media  noise  of 
CoroCr^Pt^  media  with  Hc  =  2500  Oe  is  about  half  that  of 
Co7uCr,8Pt,2  media  with  Hc  =  1 700  Oe. 

In  conclusion,  it  is  confirmed  that  the  improvement  of 
Hc  in  CoCrNi,  CoCrTa,  and  CoCrPt  by  both  high- 
temperature  deposition  and  annealing  is  mainly  driven  by  the 
reduction  of  the  exchange  coupling  between  the  grains.  This 
is  believed  to  be  due  to  preferential  Cr  segregation  at  the 
grain  boundaries. 
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Friction  and  wear  of  ion-implanted  diamondlike  carbon  and  fullerene  films 
for  thln-film  rigid  disks 

Bharat  Bhushan  and  B.  K.  Gupta 

Computer  Microtribotogy  and  Contamination  Laboratory,  Department  of  Mechanical  Engineering,  The 
Ohio  State  University,  Columbus,  Ohio  43210-1107 

In  this  paper,  DLC  coatings  on  a  rigid  magnetic  disk  were  ion  implanted  witb  nitrogen  and  carbon 
ions  to  improve  their  wear  lives.  Nitrogen  and  carbon  ion  implantation  witb  a  dose  of  5x10” 
ions  cm-2  at  200  keV  have  shown  significant  improvements  in  the  coefficient  of  friction  and  sliding 
wear  life  which  suggests  that  ton-implanted  DLCs  may  be  more  desirable  overcoats.  Microstructural 
examinations  of  implanted  films  show  that  these  films  are  still  amorphous  with  no  long  range  order. 

Implanted  DLC  films  also  may  be  attractive  as  an  overcoat  for  the  slider  surface.  An  approximately 
20-nm-thick  fullerene  film,  a  new  solid  lubricant,  was  also  deposited  on  the  disk  surface  to  reduce 
its  friction  and  wear.  Fullerene  films  exhibited  lower  friction,  however,  these  readily  formed  a 
transfer  film  on  the  mating  slider  surface.  Since  any  transfer  and  movement  of  the  material  at  the 
head-disk  interface  is  undesirable,  fullerene  films  are  not  expected  to  be  potential  overcoats. 

Coefficient  of  friction  of  implanted  DLC  and  fullerene  films  on  a  microscale  was  also  measured  and 
was  found  to  be  lower  than  that  on  macroscale.  Microfriction  values  of  unimplanted  and  implanted 
DLC  films  were  comparable. 


Metal  films  that  are  used  to  achieve  the  high  recording 
densities  have  weak  durability  and  are  prone  to  environmen¬ 
tal  corrosion.  Diamondlike  carbon  (DLC)  coatings  (20-30 
nm  thick)  with  lubricant  overlays  are  commonly  used  to  pro¬ 
vide  low  friction,  low  wear,  and  corrosion  resistance.  The 
need  for  increasing  higher  recording  densities  requires  that 
disk  and  head  slider  surfaces  be  as  smooth  as  possible  and 
flying  heights  (head-to-disk  separation)  be  as  low  as  pos¬ 
sible.  Smoother  surfaces  and  lower  flying  heights  lead  to 
more  intimate  contact  and  high  friction  and  wear.'  There  is  a 
need  for  thinner  overcoats  with  lower  friction  and  wear  than 
those  currently  used. 

Liu  and  Cohen2  hypothesized  that  a  metastable  carbon- 
based  material  0-C3 Nt  can  be  fabricated  which  may  be  su¬ 
perior  to  diamond  in  its  mechanical  properties.  Since  then 
there  have  been  few  attempts  to  synthesize  C-N  compounds. 
Carbon  compound  coatings  can  be  produced  by  incorporat¬ 
ing  nitrogen  either  during  their  growth  or  by  a  post¬ 
deposition  ion-beam  treatment.  Iwald  et  aL 3  and  Kenny 
el  aL*  reported  significant  improvements  in  the  wear  resis¬ 
tance  of  glassy  carbon  by  implanting  with  nitrogen  and  car¬ 
bon  ions  in  the  dose  range  of  5X1014-5X1016  ions  cm"2  at 
50-150  keV.  Chen  el  aL?  reported  a  coefficient  of  friction  of 
about  0.16  for  the  CN,  films  deposited  by  dc  planar  magne¬ 
tron  sputtering.  Tomg  et  at?  reported  a  coefficient  of  friction 
of  0.2  for  rf  sputtered  amorphous  CN,  films.  Niu  et  aL 7  have 
reported  that  they  art  able  to  produce  fi-CyNt  compound 
using  pulsed  laser  ablation  of  graphite  targets  combined  with 
an  intense  atomic  nitrogen  source. 

There  also  have  been  attempts  to  produce  potentially 
hard  C-N  coatings  for  magnetic  disk  applications.  Yeh  et  aL 8 
repotted  an  increase  in  sliding  wear  life  of  a  magnetic  disk 
that  was  coated  with  a  rf  sputtered  carbon-nitrogen  coating. 
Inoue  et  al9  ion  implanted  DLC  coated  magnetic  disk  with 
1015-1018  ions  cm"2  nitrogen  ions  at  5-20  keV.  Based  on 
electrochemical  and  atmospheric  corrosion  tests,  they  re¬ 
ported  improvements  in  the  corrosion  resistance  of  the  un¬ 


derlying  Co-Ni  alloy  magnetic  layer.  In  the  present  study,  we 
have  explored  the  possibility  of  modifying  friction  and  wear 
properties  of  DLC  coated  magnetic  disk  by  ion  implantation 
with  Nj  and  C*  ion  species.  Ion  implantation  is  known  to 
improve  hardness,  porosity,  and  friction  and  wear  properties 
of  surfaces.  We  have  also  deposited  a  new  solid  lubricant 
Cw-rich  fullerene  film10  on  the  disk  surface.  Results  of  ion- 
implanted  DLC  and  fullerene  films  are  the  subject  of  this 
paper. 

The  disks  used  in  this  study  were  commercially  available 
thin-film  magnetic  rigid  disks  without  any  liquid  lubricant.1 
The  textured  disk  coupons  were  implanted  with  N,*  and  C* 
at  2-4  ftA  cm  2  ion  current  densities,  200  keV  accelerating 
voltage,  and  ion  doses  ranging  from  5X10”  to  2X1017 
ions  cm  2  The  C^-rich  fullerene  films  were  deposited  on 
disk  coupons  by  sublimation  at  about  450  °C  and  a  vacuum 
of  10"6  Torr.10 

Raman  measurements  were  made  using  an  argon  ion  la¬ 
ser  at  514.5  nm  wavelength  with  an  output  of  about  100  mW 
and  a  spot  size  of  0.1  mm  diam.  The  variation  in  the  com¬ 
position  of  ion-implanted  disk  with  depth  was  measured  by 
Auger  electron  spectroscopy  (AES)  using  a  Perkin-Elmer 
M50  ESC  A/Auger  spectrometer.  The  electron  beam  energy, 
used  for  Auger  analysis,  was  3  keV  with  a  current  density  of 
about  1  fiA  cm"2. 

The  friction  and  wear  tests  were  made  both  on  macro 
and  microscales.  Macrotests  were  conducted  by  sliding  an 
Al^j-TiC  head  slider  (rms  roughness  —1.5  nm;  crown =2 
nm)  against  a  disk  coupon  (15  mmx  15  mm)  in  a  reciprocat¬ 
ing  mode.  Typical  test  conditions  were  as  follows;  recipro¬ 
cating  amplitude — 5  mm,  frequency — 1  Hz,  normal  load  0.1 
N,  average  linear  speed — 10  mm/s,  temperature — 20  °C,  and 
atmospheric  conditions —  humidify  45%-55%  RH.  One  pass 
corresponds  to  a  round  trip  sliding  of  10  mm.  These  tests 
were  repeated  at  least  three  times  on  identical  samples  and 
the  variation  in  the  measured  friction  was  less  than  10%. 
Microscale  measurements  were  made  using  friction  force  mi- 
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Raman  shift,  1/cm 


FIG.  1.  Ramaa  neon  of  (a)  uumpiantnl  and  (b)  ion  implanted  disk  with 
5X10“  N;  cm  .  Raman  apcctia  of  disks  that  wen  ion  implanted  with 
1X10“  and  5X10“  N?  cm'1  were  similat  to  that  of  the  dtak  that  was  KM 
unplatted  wKta  5X10*’  Nj  cm  v 


croscopy.  Tests  were  made  on  a  500X500  am  scan  size  at 
normal  load  of  15-120  nN  and  a  scanning  speed  of  2  /«n/s. 

The  mkrostructure  of  approximately  22-nm-thick  DLC 
overcoat  on  the  magnetic  coating  after  ion  implantation  was 
studied  using  Raman  spectroscopy.  No  significant  differ¬ 
ences  were  observed  between  the  spectra  of  the  unimplanted 
disk  and  disks  implanted  with  5X1015  N2  cm"2  and  5X1015 
C+  cm"2.  Representative  Raman  spectra  of  unimplanted  disk 
and  an  implanted  disk  with  5x  1015  N2  cm"2  at  200  keV  are 
shown  in  Fig.  1.  Raman  spectra  of  disks  that  were  ion  im¬ 
planted  with  1X1016  and  5X1016  N2  cm"2  were  similar  to 
that  of  the  disk  that  was  ion  implanted  with  5X10IS  N2 
cm-2.  An  increase  in  the  dose  did  not  affect  the  Raman  spec¬ 
tra  of  the  ion-implanted  disk.  The  occurrence  of  a  broad 
hump  at  1550  cm"1  in  the  Raman  spectra  of  unimplanted  and 
implanted  disks  suggests  that  the  coating  remains  amorphous 
after  ion  implantation.  Slight  difference  in  the  shape  of  the 
pert  is  observed  though.  The  thicknesses  of  the  DLC  coal¬ 
ings  before  and  after  ion  implantation  were  estimated  from 
ellipsometric  measurements.  A  reduction  in  the  thickness 
from  22  to  15  nm  of  the  DLC  coating  was  observed  as  a 
result  of  ion  implantation. 

Because  of  a  thin  DLC  coating,  there  is  a  danger  that  ion 
beam  mixing  may  occur  at  the  DLC-magnetk  coating  inter¬ 
face  which  may  affect  magnetic  properties.  Composition  as  a 
function  of  depth  of  implanted  samples  was  measured  using 
AES,  Fig.  2.  An  abrupt  change  in  the  compositions  of  C,  Co, 
and  Ni  at  the  carbon-magnetic  film  interface  suggests  that 
there  is  no  observable  ion  beam  mixing  at  the  interface. 
From  this  observation,  we  conclude  that  ion  implantation 
does  not  cause  any  deterioration  in  the  magnetic  layer.  If  ion 
beam  mixing  is  an  issue,  implantation  at  lower  energy  should 
be  tried. 

The  friction  profiles  of  Nj  -  and  C+ -implanted  disks  on  a 
macroscale  with  varying  doses  are  shown  in  Figs.  3(a)  and 
3(b).  Ion  implantation  with  a  lower  dose  of  5X1015 
ions  cm"2  exhibits  a  decrease  in  the  coefficient  of  friction, 
from  0.20  to  0.17,  while  higher  doses  resulted  in  an  increase. 
Coefficient  of  friction  of  carbon  implanted  (5X10I: 
ions  cm"2)  disk  cm  a  microscale  was  also  found  to  be  lower 
(—0.03)  than  that  of  unimplanted  disk  (-0.05).  Reduced 
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FIG.  2.  AES  composition  (atomic  coocentrattoosj  profiles  of  nitrogen,  car¬ 
bon,  cobalt,  and  nickel  of  disk  ion  implanted  with  (a)  1 X  lo“  N(  cm  3,  (b) 
1X10“  C*  cm  2. 


friction  is  also  accompanied  with  an  increase  in  sliding  wear 
life  measured  in  the  macrotests.  The  sliding  wear  life  is  es¬ 
timated  in  terms  of  the  sliding  distance  at  which  the  friction 
is  increased  abruptly  to  a  higher  value.  The  optical  micro¬ 
graphs  of  the  wear  track  obtained  on  the  ion  implanted  disk 
with  5xl015  and  1X1016  N2  cm'2  arc  shown  in  Fig.  4(i). 
There  is  no  evidence  of  wear  debris  in  the  lower  dose  disk, 
however,  wear  debris  is  observed  in  the  higher  dose  disk. 
The  carbon  ion-implanted  disks  have  also  shown  the  similar 
trends  of  wear  debris.  Reduction  in  the  coefficient  of  friction 
and  increase  in  sliding  wear  life  of  N2-  and  C+ -implanted 
disk  with  a  low  dose  (5X1015  ionsem-2)  probably  results 
from  the  modified  chemistry  of  the  DLC  coating,  such  as 
formation  of  CNX  compound  in  the  case  of  nitrogen  ion  im¬ 
plantation  which  may  have  higher  hardness  and  bulk  modu¬ 
lus.  Increase  in  friction  at  a  dose  of  lxlO16  ionsem'2  is 
probably  due  to  structural  damage  to  the  DLC  coating.  Yeh 
et  ai 8  reported  an  increase  in  the  sliding  wear  life  of  rf 
sputtered  carbon-nitrogen  compound  overcoated  magnetic 
disk  with  nitrogen  content.  Higher  wear  life  was  attributed  to 
greater  sp 3  bonding  and  finer  microstructure  of  C-N  coatings 
with  high  nitrogen  content  Inoue  et  al *  have  shown  that  ion 
implantation  with  3X 1016  N2  cm'2  at  20  keV  resulted  in  the 
formation  of  amine,  ammonium,  and  pi-pi  binding  com¬ 
pounds.  Torng  et  aLi  have  observed  a  reduction  in  the  coef¬ 
ficient  of  friction  of  sputtered  DLC  films  (from  0.4  to  0.2) 
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FIG.  3.  Friction  profiles  of  unimplanted  and  ion  implanted  disks  with  vary- 
ing  doses  of  (a)  N)  .  (b)  C*,  and  (c)  disks  coated  with  20-  and  100-nm-thick 
fullerene  films.  The  disk  coupoo  were  slid  against  Al;OrTtC  slider. 


with  an  increase  in  the  pressure  of  nitrogen  sputtering  gas. 
They  have  predicted  from  AES,  x-ray  photoelectron  spec¬ 
troscopy,  and  transmission  electron  microscopy  analyses  that 
increased  amount  of  nitrogen  enhanced  the  diamond  sp3 
bonding.  Our  observation  of  increased  sliding  wear  life  of 
DLC  coatings  implanted  with  5X1015  N2  or  C+  cm'2  is  in 
agreement  with  the  findings  of  Kenny  et  al 4  for  amorphous 
glassy  carbon.  They  reported  an  improvement  in  wear  resis¬ 
tance  by  two  orders  of  magnitude  as  a  result  of  ion  implan¬ 
tation. 

The  friction  profile  of  a  C^-rich  fullerene-coated  disk 
slid  against  an  Al203-TiC  slider  is  shown  in  Fig.  3(c).  It  is 
obvious  from  this  figure  that  fullerene  film  (~20  nm  thick) 
provide  a  lower  friction  initially  (—0.12)  compared  to  the 
DLC  overcoat  (—0.2),  but  it  increased  abruptly  after  500 
passes.  However,  a  100-nm-thick  fullerene  film  survived  for 
1800  passes.  The  increase  in  friction  is  attributed  to  the  dam¬ 
age  to  the  fullerene  film.  Coefficient  of  friction  of  fullerene- 
coated  disk  on  a  microscale  was  also  measured  and  was 
found  to  be  lower  (—0.04)  than  that  on  macroscale  (—0.12). 
The  optical  micrographs  of  the  wear  track  on  the  fullerene 
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FIG.  4.  (i)  Optical  micrographs  of  wear  tracks  obtained  on  the  disks  that  slid 
against  the  AJ203  TiC  slider  (a)  disk  that  was  ion  implanted  with  5xlQls 
Nj  cm-2  and  tested  for  10000  passes  (100  m),  (b)  disk  that  was  ion  im¬ 
planted  with  1  x  1016  N2  cm  2  and  tested  for  5000  passes  (SO  m),  (c)  slider 
that  slid  against  the  disk  identified  in  (b).  (ii)  Optical  micrographs  of 
fullerene-coated  disk  (a)  before  and  (b)  after  the  wear  test,  and  (c)  slider 
after  the  wear  test. 

coated  disk  before  and  after  the  wear  test  are  shown  in 
Fig  4(ii).  We  see  evidence  of  bare  spots  and  wear  debris 
(redeposition  of  fullerene  material)  on  disk  surface  and  a 
formation  of  transfer  film  on  the  slider  [Figs.  4(ii  b)  and 
4(ii  c)].  Filling  of  the  roughness  grooves  on  the  disk  surface 
[Fig.  4(ii  b)]  may  be  responsible  for  the  increase  in  real  area 
if  contact  which  in  tum  increases  the  friction.  The  wear  life 
of  the  fullerene  film  was  limited  possibly  because  of  inad¬ 
equate  adhesion  which  may  be  improved  by  depositing  it  by 
a  more  energetic  deposition  process  such  as  ion  beam  depo¬ 
sition  and  magnetron  sputtering.  Since  any  transfer  and 
movement  of  material  at  the  head-disk  interface  is  undesir¬ 
able,  fullerene  films  deposited  by  sublimation  may  not  be 
suitable. 
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Thin  film  disks  for  high  density  recording  with  textured  underlayers 
(abstract) 

Mohammad  Mirzamaani 

IBM  Adstar,  San  Jose,  California  95193 

Michael  A.  Russak  and  Christopher  V.  Jahnes 

IBM  T.  J.  Watson  Research  Center,  Yorktown  Heights,  Hew  York  10598 

As  higher  recording  densities  are  required  on  thin  film  disks  the  balance  between  magnetic  and 
tribological  performance  becomes  a  delicate  one.1  Optimized  magnetics  dictate  very  smooth 
magnetic  films  with  small,  well  isolated  (i.e.,  magnetically  decoupled)  grains  whereas  acceptable 
mechanical  performance  requires  sufficient  surface  roughness  to  insure  low  stictkm.2  This  balance 
may  not  be  readily  obtained  by  mechanical  texturing  but  can  be  accomplished  by  nonmechanical 
texturing.3  In  this  work  AFM  and  conventional  magnetic  measurements  have  been  used  to 
characterize  a  variety  of  thin  film  disk  surfaces  and  conditions  found  which  permit  the  simultaneous 
attainment  of  excellent  tribological  and  magnetic  performance.  In  the  case  of  nonmechanical  texture 
a  first  layer  of  In  was  sputtered  to  provide  the  texture  and  then  Cr  and  CoPtCr  layers  (single  as  well 
as  laminated)  deposited  to  provide  the  magnetics.  The  thickness  and  crystallographic  orientation  of 
the  Cr  interlayer  have  a  marked  effect  on  the  macromagnetic  properties  of  the  magnetic  layer  and 
in  turn  disk  recording  performance.  The  optimized  process  produces  disks  with  signal  to  noise  (S/N) 
at  4000  ft/mm  of  =»35  db,  acceptable  soft  error  rates  for  high  density  recording  and  CSS  suction 
values  of  <3  g.  These  parameters  have  been  obtained  on  metallic  and  nonmetallic  substrates. 
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A  study  of  the  structural  properties  of  sputtered  CoCrPt  based  on  x-ray 
diffraction,  small  angle  x-ray  scattering,  XAFS,  and  transmission 
electron  microscopy  measurements  (abstract) 

S.  Yumoto  and  N.  Ohshima 

Functional  Devices  Research  Laboratories,  NEC  Corporation,  Kawasaki,  Kanagawa,  Japan 

As  a  first  step  in  trying  to  understand  the  relationship  between  magnetic  properties  and  structural 
properties,  the  authors  have  conducted  a  systematic  structural  investigation  of  CoCrPt  samples  that 
have  been  sputtered  at  different  levels  of  sputtering  power,  which  affects  magnetic  properties.  X-ray 
diffraction  (XRD),  small  angle  x-ray  scattering  (SAXS),  and  XAFS  were  used  to  examine, 
respectively,  long,  medium,  and  short  range  orderings.  TEM  was  used  to  examine  the  structural 
morphology.  CoCrPt  was  fabricated  on  Kapton  films  by  dc  magnetron  sputtering  at  levels  of  0.1, 

0.3,  0.3,  and  1  kW  sputtering  power.  XRD  indicated  a  continuous  increase  in  the  intensity  of  the 
peak  corresponding  to  hep  (002),  as  sputtering  power  was  increased.  SAXS,  on  the  other  hand,  in 
the  range  of  0.5-3.0  deg.  at  29,  indicated  the  presence  of  scattering  for  the  0.1  and  0.3  kW  samples 
alone,  not  for  the  others.  Similarly  discontinuous  were  the  spectrums  produced  by  XANES  of  Co  for 
the  0.3,  0.5,  and  1.0  kW  samples,  which  resembled  the  spectrum  of  sputtered  Co.  The  spectrum  of 
the  0.1  kW  samples  was  quite  different.  TEM  indicated  a  clear  small-grain  structure  for  the  0.1  kW 
sample,  less  clearly  defined  grains  for  the  0.3  kW  sample,  and  no  observable  grains  for  the  others. 

When  conducted  after  chemical  etching,  it  further  identified  the  source  of  the  grain  structure  as  Pt 
segregation.  This  leads  to  speculation  that  Pt  segregation  may  be  responsible,  to  some  degree,  for 
the  discontinuity  observed  in  SAXS  and  XANES  measurements.  It  is  further  speculated  that  the 
long  range  ordering  (crystal  orientation)  is  quite  probably  related  to  magnetic  anisotropy,  and  that 
segregation  affects  wall  motion,  which  means  that,  in  order  to  understand  the  relationship  between 
magnetic  and  structural  properties,  structural  investigations  should  be  systematic  and  include  short, 
medium,  and  long  range  orderings. 
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Muttlnuclear  nonmagnetic  resonance  studies  of  perfluoro  poly  ether 
]  lubricants  (abstract) 

K.  V.  Viswanathan 

IBM  AdStar  Division,  Rochester,  Minnesota  55901 

Commercial  perfluoro  poly  ethers  (PFPE)  are  available  with  different  backbone  structures  and  end 
groups  and  are  being  used  as  lubricants  for  particulate/thin  film  disks.  Very  little  published 
information  is  available  other  than  F-19  spectra  for  these  polymers.'  In  this  abstract  a  systematic 
study  was  undertaken  to  study  the  structure  of  these  PFPE  polymers  using  multinuclear  magnetic 
resonance  (NMR).  Backbone  structural  differences  of  Z.  Fomblin,  Y.  Fomblin,  Krytox,  and 
Demnums  could  be  clearly  seen  from  F-19  NMR  studies.  Number  average  molecular  weight  of 
PFPE  polymers  was  also  determined  from  F-19  NMR  and  found  to  be  between  2000  and  10  000. 

‘  C-13  NMR  was  used  to  differentiate  the  end  group  from  backbone  structure.  Associated  proton  test 

(APT)  was  used  to  distinguish  the  primary,  secondary,  and  tertiary  carbons.  The  proton  connectivity 
'  of  end  group  (e.g.,  Fomblin  AM2001)  was  studied  by  two  dimensional  (2D)  proton  correlation 

spectroscopy  (COSY).  The  connectivity  of  a  hydrogen  containing  end  group  to  the  backbone  was 
studied  by  heteronuclear  shift  correlation  spectroscopy  (HCORR).  Even  though  these  PFPE 
polymers  have  low  vapor  pressure,  a  significant  amount  of  lube  loss  is  found  over  a  period  of  time 
under  HDA  (head  disk  assembly)  conditions.  The  temperature  could  increase  from  25  to  60  °C. 
Additionally  under  certain  asperity  /head  interaction  conditions  the  temperature  variation  could  be  as 
high  as  300  °C  to  500  °C.  It  is  also  reported  that  functionalized  polymeric  materials  (e.g.,  Krytox 
143  AC)  can  be  bonded  to  magnetic  disk  surface  by  applying  heat.  The  effect  of  temperature  on 
lubricant  volatility/stability  was  studied  for  AM  2001 .  The  molecular  weight  of  heat  treated  AM 
2001  (90  min  at  130  °C)  changed  from  2100  to  4500.  This  could  be  due  to  preferential  volatilization 
of  low  molecular  weight  fragments.  NMR  analysis  showed  significant  conversion  of  piperonyl  end 
group  to  -CH2OH.  Thus  AM  2001  is  not  thermally  stable.  Precipitation  was  also  found  to  occur 
when  AM  2001  is  stored  over  a  period  of  time.  The  precipitate  is  found  to  be  a  derivative  of  9.10 
dihydroanthracene.  Unlike  other  PFPE  polymers  AM  2001  is  found  to  be  sparingly  soluble  in 
dichloromethane  (contrary  to  the  claim  by  the  manufacturer  that  it  is  soluble  only  in  fluorinated 
«  solvents)  and  hence  more  polar  than  Fomblin  Z-Dol. 
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The  durability  of  new  rigid  disks  by  molded  plastic  substrates  (abstract) 

Oeamu  Morita,  TakanoboSano,  Yasuyuki  Imai,  Naoko  Hisayama,  and  Hiroshi  Takino 
SONY  Co.,  Atsugi,  Kanagawa,  Japan 

Media  that  have  discrete  data  tracks  and  servo  pits  for  rigid  disk  systems  have  been  developed.' 

Discrete  data  tracks  and  servo  pits  are  embossed  on  plastic  substrates  by  a  stamping  technique 
similar  to  that  used  in  optical  disk  technology.  The  outer  diameter  of  the  substrates  is  65  mm,  and 
the  thickness  is  1.2  mm.  To  enhance  the  durability  of  contact-start-stop  (CSS)  environment  and 
reduce  glide  height,  we  have  developed  a  method  of  texturing  the  surface  with  a  fine  dispersion  of 
Si02  particles,  whose  diameters  are  between  10  and  40  nm,  by  dipping.  Thin  film  layers  are  then 
sputtered  on  the  substrates,  and  the  shapes  of  SiOj  particles  are  reflected  in  the  surface  profile  of  the 
thin  film  layers.  The  initial  friction  coefficient  (/at)  is  0.46,  and  the  friction  coefficient  after  SO  000 
CSS  events  is  0.S6  for  CSS  tests  on  molded  plastic  substrates  at  a  radius  of  28  mm.  In  addition,  glide 
height  depends  on  surface  roughness  of  the  disks.  Surface  roughness  of  a  glass  template  used  on 
stampers  is  carried  over  to  the  molded  plastic  substrates.  Therefore  the  arithmetic  average  (Ra)  of 
the  molded  plastic  substrates  with  SiO,  particles  is  1.5  nm.  The  peak-to-valley  height  (PV)  is  20  nm, 
reducing  the  glide  height  to  less  than  65  nm.  Simultaneously,  with  these  media,  a  slider  flying  height 
of  0.1  pm  has  been  achieved.  Therefore,  the  media  satisfy  parameters  of  CSS  environment,  glide 
height,  and  flying  height  for  rigid  disks. 


1 K.  Walanabc  el  at.  Inlerraag'93  Digest,  April,  1993,  paper  FD-10. 
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Coupling  Through  Nonmagnetic  Layers 


Daniel  Pierce,  Chairman 


Temperature-dependent  non-Heisenberg  exchange  coupling 
of  ferromagnetic  layers  (Invited) 

R.  P.  Erickson*1 

Department  of  Mathematics,  City  University,  London  EC  IV  OHB,  United  Kingdom 

We  consider  with  temperature  the  exchange  coupling  of  two  identical  ferromagnetic  films  separated 
by  a  paramagnetic  metal  of  thickness  d.  The  minority-spin  band  of  the  ferromagnets  is  matched  to 
the  band  of  the  paramagnet.  Majority-spin  electrons  experience  a  repulsive  potential  of  maximum 
height  equal  to  the  exchange  gap  of  the  ferromagnets.  A  spin-flip  current,  which  flows  as  a  result  of 
a  virtual  rotation  of  the  ferromagnetic  moments,  is  calculated  at  temperature  T,  assuming 
single-particle  excitations  only.  This  current,  equated  to  the  torque  exerted  by  one  ferromagnet  on 
the  other,  defines  the  exchange  energy  as  an  infinite  sum  of  terms  with  coefficients 
Axi(d,T),B  12(d,r),...,  extending  beyond  the  Heisenberg-like  An(d,T)  term.  For  certain  d,  the 
biquadratic  Bxl(d,T)  term  is  of  the  proper  magnitude  and  sign  to  cause  intrinsic  90°  coupling 
between  the  moments  of  the  two  ferromagnets.  Additionally,  we  calculate  the  T  dependence  of 
A12(d,T)  and  Bu(d,T)  for  different  Fermi  energy  to  exchange-gap  ratios,  showing  that,  in  general, 
a  nonmonotonic  dependence  of  both  Atl(d,T)  and  Bn(d,T)  vs  T  is  expected.  Monotonic  T 
dependence  occurs  in  the  asymptotic  regime  of  large  d. 


I.  INTRODUCTION 

Extensive  investigations  of  the  ferromagnetic  (FM)/ 
antiferromagntic  (AFM)  oscillatory  exchange  coupling  of 
transition-metal  ferromagnets  through  non-FM  spacers,  in 
both  dun-film  sandwiches  and  multilayers  of  varying  com¬ 
positions,  has  led  to  a  large  and  growing  list  of  spacer  metals 
in  which  this  phenomenon  has  been  seen.1'"'  In  Fe/Cr/Fe6'7 
and  Fe/AI/Fe,a  strong  biquadratic  coupling  through  the 
spacer,  which  gives  rise  to  90°  alignment  of  the  Fe  moments, 
is  also  observed.  Most  of  the  measurements  of  exchange  cou¬ 
pling  have  been  limited  to  room  or  liquid  helium  tempera¬ 
tures.  The  exceptions  of  which  we  are  aware  include  the 
studies  of  Demokritov  eta/.,3  Barthelemy  era/.,4  and 
Chaiken  et  al.,5  in  which  Fe/Cr  data  has  been  presented  for  a 
range  of  temperatures. 

Wi'h  regard  to  the  biquadratic  coupling,  most  notably  in 
the  wedge  films  of  Fe/Cr/Fe,  the  authors  of  Ref.  6  detected, 
via  Kerr  magneto  optic  microscopy,  Fe  domains,  on  either 
side  of  the  Cr  spacer,  with  this  relative  90°  orientation.  Simi¬ 
lar  evidence  was  also  found  by  the  authors  of  Ref.  7  in  mi¬ 
crographs  made  using  scanning-electron  microscopy  with 
polarization  analysis.  From  the  studies  of  Ref.  6,  the  energy 
of  exchange  coupling  between  the  Fe  tyers,  a  function  of 
both  the  Cr  spacer  thickness  d  and  the  temperature  7  ,  can  be 
written  in  the  phenomenological  form 

£,.(</,  T-,  0)=A  ,2(d,T)(  1  -m,  -mi) 

+  iBl2(d,T)[l-(mrni2)2],  (1) 

where  m,  and  m2  are  the  unit  moments  of  the  two  Fe  layers, 
which  lie  in  the  plane  of  the  film.  As  an  extension  beyond  the 
Heisenberg-like  bilinear  A  ,2(rf,r)  coefficient,  which  has  its 


"Present  address:  Department  of  Mathematics.  Imperial  College  of  Science. 
Technology,  and  Medicine,  London  SW7  2BZ.  United  Kingdom. 


origins  in  the  oscillatory  Ruderman  Kittel-Kasuya-Yosida 
(RKKY)  interaction  of  ferromagnets,  the  biquadratic 
B12(d,T)  coefficient  generates  a  noncolinear  state  of  m, 
and  m2.  Specifically,  with  0  denoting  the  angle  between  m, 
and  m2,  we  have  cos  0=A  12(d,T)/|B]2(d,T)|  if 
Bn(d,T)<  -  |A  ,2(d,r)|,  a  criterion  that  is  favorable  when 
the  oscillatory  A,,(d,T)  is  nearly  zero  in  magnitude.  Hence, 
a  biquadratic  contribution  of  B,-(d,T)<0  will  generate  es¬ 
sentially  90°  coupling  between  the  Fe  moments  near  Cr 
thicknesses  corresponding  to  nodes  of  A  ]2(d,T). 

In  a  very  elegant  micromagnetic  study.  Slonczewski10 
has  shown  that  such  a  favorable  biquadratic  term  can  arise 
from  fluctuations  of  the  spacer  thickness,  indicative  of  step¬ 
like  terraces  at  the  ferromagnet/spacer  interfaces,  with  origin 
in  an  average  of  the  induced  fluctuations  in  A12(d,7')  across 
these  interfaces.  From  a  very  different  perspective,  a  Stoner- 
like  model  with  band  matching  applicable  to  a  film  like 
Fe/Cr/Fe,"  we  have  shown  that  such  a  favorable  biquadratic 
coefficient  can  follow  from  a  natural  expansion  of  the 
RKKY-like  exchange  coupling  to  higher  powers  in  01,-111-. 
Within  the  context  of  our  exchange  theory,  as  reported  in 
Ref.  11  at  T= 0,  the  biquadratic  term  oscillates  with  spacer 
thickness  not  unlike  the  bilinear  term,  except  that  the  biqua¬ 
dratic  oscillations  are  approximately  twice  as  rapid  as  those 
of  the  bilinear  coefficient.  Moreover,  at  least  in  the  preas- 
ymptotic  regime  of  spacer  thickness,  the  biquadratic  oscilla¬ 
tions  are  incommensurate  with  'hose  of  the  bilinear  term, 
leading  to  occurrences  of  S12(d,0)<  -|A12(d,0)|  at  certain 
spacer  thicknesses,  near  nodes  of  A12(d,0). 

Concerning  the  temperature-dependent  studies  of  ex¬ 
change  coupling,  we  turn  to  the  work  of  Refs.  3-5.  In  par¬ 
ticular.  the  Brillouin  light  scattering  measurements  of 
A,2(d.r)  +  5,2(d.T)  vs  T  of  Ref.  3,  Fig.  5,  reproduced  in 
different  e  beam  treated  Fe/Cr/Fe  wedge  samples,  show  a 
pronounced  peak  in  the  AFM  exchange  coupling  at  T& 20- 


J.  Appi.  Rhys.  75  (10),  15  May  1994 


0021  -8979/94/75(1 3)/61 63/6/56.00 


©  1994  American  Institute  of  Physics 


6163 


30  K,  for  a  Cr  thickness  of  d^0.6  nm  (four  monolayers), 
while  a  nearly  monotonic  temperature  dependence  is  mea¬ 
sured  at  dsiO.9  nm  (five  monolayers).  On  the  other  hand,  it 
was  noted  in  Ref.  5  that  the  AFM  coupling  strength  de¬ 
creased  monotonically  with  increasing  temperature.  In  the 
face  of  these  sometimes  conflicting  reports,  a  knowledge  of 
predictions  based  on  theory  would  be  helpful. 

We  have  since  extended  our  T= 0  model  to  finite 
temperatures,12  allowing  for  the  Stoner-like  excitations  that 
are  at  least  partly  responsible  for  the  decrease  in  magnetiza¬ 
tion  of  the  itinerant  ferromagnets  Fe,  Ni,  and  Co.  We  have 
shown  that,  in  addition  to  attenuating  the  amplitude  of  the 
oscillations  in  A,2(d,T)  and  Bn(d,T)  vs  d,  the  excitations 
also  change  the  phase  of  these  oscillations.  In  particular,  the 
phase  shift  can  give  rise  to  nonmonotonic  temperature  de¬ 
pendence,  and  for  some  spacer  thicknesses,  even  change  the 
sign  of  the  exchange  coefficient.  As  the  sp  .cer  thickness  in¬ 
creases,  the  phase  change  tends  to  zero  and  the  amplitude  of 
the  oscillations  diminishes  as  txp(-T/T0),  where  the  effec¬ 
tive  temperature  T0  is  proportional  to  the  Fermi  temperature 
Tr  and  inversely  proportional  to  2tjd,  with  kr  the  Fermi 
wave  number.  Therefore,  as  d-**,  T0  is  much  smaller  than 
Tr,  and  the  amplitude  of  exchange  oscillations  rapidly  ap¬ 
proaches  zero.  As  d— >0,  the  exchange  energy  is  also  found  to 
decrease  monotonically  with  T,  but  within  the  scale  of  the 
characteristic  temperature  Tf,  instead  of  T0. 

in  Sec.  II,  we  describe  our  model  of  exchange-coupled 
FM  layers,  extended  to  finite  temperatures.  In  Sec.  Ill,  we 
report  the  results  of  the  model,  illustrating  the  occurrences  of 
90°  coupling  for  certain  preasymptotic  spacer  thicknesses. 
Additionally,  in  Sec.  Ill,  with  spacer  thickness  held  fixed,  we 
discuss  the  temperature  dependence  of  the  bilinear  and  bi¬ 
quadratic  exchange  coefficients,  showing  that,  in  general,  the 
T  dependence  of  the  exchange  energy  is  nonmonotonic.  In 
Sec.  IV,  we  conclude  with  a  qualitative  comparison  of  our 
model  to  experiment. 


II.  THE  FINITE-TEMPERATURE  MODEL 

We  have  considered  a  model  of  exchange  coupling  be¬ 
tween  two  ferromagnetic  (Fe)  layers  separated  by  a  paramag¬ 
netic  fCr)  spacer  of  thickness  d  in  which  we  represent  the  Fe 
layers  by  spin-split  parabolic  bands,11  with  exchange  gap 
2h0  =  h1k0l/2m.  The  Fermi  energy  Ef=h2kF2/2m  is  situated 
above  the  bottom  of  the  minority-spin  (()  band,  which  is 
matched  in  energy  to  the  paramagnetic  band  of  the  spacer, 
i.e.,  kf=kfl> ,  a  situation  most  applicable  to  a  film  like  Fe/Cr/ 
Fe.  We  denote  the  angle  between  the  in-plane  moments  of 
the  two  Fe  layers  by  ft. 

Specifically,  we  have  utilized  Slonczewski’s  spin-flip 
current  method,13  equating  the  spin-flip  current  density 
j(d,T;0)  of  the  spacer  to  the  torque  exerted  on  one  FM  layer 
by  the  other,  viz., 

~  £c(d,T;F,=  -i  Aohj(d,T;0).  (2) 

If  the  current  density  is  expanded  in  powers  of  cos  ft  as 


j(d,T\0)  =  2  in(d,T) cos"  ft  sin  ft,  (3) 

»-o 


then  the  exchange  coefficients  An(d,T)  and  Bl2(d,T)  of 
Eq.  (1)  have  the  intrinsic  definitions  Al2(d,T)~  ~(Aahl 2) 
xy0(d,T)  and  Bn(d,T)=  -(A0ft/2)yl(d,7’),  where  A0  is 
the  area  of  a  Fe/Cr  interface.  Higher-order  exchange  coeffi¬ 
cients  can  be  realized  from  the  model,  but  they  will  not  be 
discussed  here. 

In  Ref.  11,  we  derived  the  zero-temperature  spin-flip  cur¬ 
rent  density  inside  the  spacer  of  our  film;  we  showed  it  to  be 
(with  0<arg  a<  rr/2) 


j(d,£;ft)  = 


hk04  tan(  ft/2 ) 

2  5T2« 


lim  Im  _ dz 

a—0  Z  ,I73S(i 


z(z2-£/2A0)e'“ 

Xl-(z-v'l+z!)V2*«^cos2(ft/2)’ 

if  one  sets  £=£F.14  With  E  =  Er,  this  current  density  is  the 
sum  of  contributions  from  all  majority-  and  minority-spin 
electrons  of  the  ground  state.  The  extension  of  our  model  to 
finite  T  requires  that  the  sum  over  all  electron  states,  of  both 
minority  and  majority  spin,  be  weighted  by  a  Fermi  factor 
f(E,T).  This  results  in  the  finite-temperature  expression. 


dE  j(d,E;0)  —  /(£,£). 


(4b) 


While  the  double-integral  expression  of  Eqs.  (4)  is  most 
useful  for  the  analytic  approximations  to  be  discussed  below, 
a  single-integral  expression  is  more  suitable  for  numerical 
calculations.  Successive  integration  of  Eq.  (4b)  by  parts  ex¬ 
presses  j(d,T;& )  in  terms  of  a  single  integral  over  the  di¬ 
mensionless,  and  complex,  wave  number  z  =  (EI2h0)m, 
viz., 

f*  ft2j(d,£;S)  f 

j(d,T ;0)~  —J^dE  -  '--£r  -  jdE'f(E'J) 

hk„ 4  tan(  ft/2)  kBT 
2ir2m  2  h0 

f  z  log(  1  +  e  "  2*|),j2 '  zf1]lteT) 

XlmJ^dz  j ~(z- 7T  +  z2),ei2todl  cos2(ft/2)  ’  ^  ^ 

where  zF=kF/k„.  The  contour  Y  ir  taken  from  z=i  to  z=0, 
then  z=0  to  z=“.  We  use  this  single-integral  equation,  ex¬ 
panded  as  in  Eq.  (3),  for  the  numerical  calculations  of 
An(d,T)  and  Bu(d,T)  presented  in  Sec.  III. 


III.  RESULTS  OF  THE  MODEL 

In  this  section,  we  discuss  the  behavior  of  Au(d,T)  and 
Bxl(d,T)  of  our  model  as  a  function  of  both  spacer  thickness 
and  temperature.  First,  we  consider  these  coefficients  as  a 
function  of  spacer  thickness,  for  several  values  of  the  cou¬ 
pling  strength  zf=kf/kg,  illustrating  the  appearance  of  intrin¬ 
sic  90°  coupling  for  certain  spacer  thicknesses.  For  this  pur¬ 
pose,  it  is  sufficient  to  present  the  T=Q  behavior.  For  a 


616*  J.  Appt.  Phys.,  Voi.  75.  No.  10.  15  May  1994 


R.  P.  Erickson 


FIG.  1.  The  (a)  bilinear  and  (b)  biquadratic  exchange  coefficients  of  T= 0, 
as  calculated  ftom  the  cos  B expansion  of  Eq.  (5),  vs  2kyd  for  several  values 
of  coupling  strength  zr-kp/k0.  All  curves  are  normalized  by  the  zero- 
temperature,  zero-spacer-thickness  FM  bilinear  coefficient 
A\r1=A0A24((4/256irin,  which  is  itself  dependent  on  coupling  strength  zF. 
Biquadratic  curves  corresponding  to  zr=0.2  and  zF=0.5  have  maxima  that 
occur  off  the  scale  of  the  (dot;  these  maxima  are  0.0034X8’  at  2kfda0.2 
and  0.0015A)®  at  2k?d*0  3.  respectively.  All  curves  of  (b)  approach  zero 
as  d— *0. 


trate  the  effect  that  the  coupling  strength  has  on  the  relative  phase  of  both 
exchange  coefficients,  fn  (a)  zF=0.2,  only  for  d  close  to  node  "l”  can  there 
be  90°  coupling  l«,.-<0  and  in  (b)  zF=0.7,  the  region  near  node 

“2”  exhibits  90°  coupling;  and  in  (c)  zF=  1.3,  enough  slippage  has  occurred 
that  regions  of  d  near  nodes  “1,"  "2,"  and  "3”  clearly  have  flI2<0, 


discussion  of  the  effect  of  Stoner  excitations,  we  fix  the 
value  of  2kpd,  focusing  our  attention  to  Alz(d,T)  and 
Bl2(d,T)vsT. 

In  Fig.  1(a),  we  plot  the  results  of  numerical  calculations 
of  Ai2(d,0)=  -(AoX/2))0(d,0)  as  a  function  of  2 kfd  from 
the  cos  S  expansion  of  Eq.  (5),  for  several  zF .  Similarly,  in 
Fig.  1(b),  we  plot  the  numerical  calculations  of  fl]2(<f,0)  vs 
2*pd.  All  curves  are  normalized  by  a  factor  of 
A\JeeA0h2k0*/256'nm,  which  is  A12(0,0),  the  zero-spacer- 
thickness,  zero-temperature  FM  bilinear  coefficient.  Since 
A$  is  a  function  of  the  coupling  strength,  care  must  be  taken 
when  comparing  the  curves  of  a  given  plot  fra me,  since  each 
curve  is  normalized  differently.  All  curves  of  Fig.  1(a)  rise  to 
unity  as  </— *0,  while,  in  this  same  limit,  all  the  curves  of  Fig. 
1(b)  approach  zero.  Points  located  off  the  scale  of  the  plot  of 
Fig.  1(b)  are  noted  in  the  accompanying  figure  caption. 

While  the  overall  amplitude  of  Bn(d, 0)  is  typically 
smaller  than  that  of  Ax2(d,0),  the  striking  result  upon  com¬ 
paring  Figs.  1  is  that  these  two  coefficients  oscillate  incom- 
mensurately  as  a  function  of  2 kfd,  for  a  given  zF ,  In  fact,  the 
phase  slip  between  A  l2(d,0)  and  BX2(d,0)  is  a  function  of 
zF,  and  decreases  as  2*pd -><*>. 15  We  show  this  below. 


In  Figs.  2,  we  plot  fi12(ti,0)  and  the  nodes  of  A  12(d,0), 
indicated  by  arrows  and  labeled  with  integers,  for  three  val¬ 
ues  of  zf .  The  panel  of  figures  in  Fig.  2  illustrates  the  phase 
slip  between  the  bilinear  and  biquadratic  coefficients  as  the 
coupling  strength  is  varied.  The  effect  is  most  pronounced 
for  small  values  of  2k yd,  where  the  amplitude  of  Bl2(d,0)  is 
greatest.  In  particular,  at  the  node  of  Al2(d,0)  labeled  “3,” 
we  see  in  Fig.  2(a)  that  Bx2(d,0)  is  initially  greater  than  zero 
at  “3,”  but  then  slips  past  the  node  with  decreasing  coupling 
strength  (increasing  zF),  becoming  negative,  as  in  Fig.  2(c). 
Note,  node  “3”  of  A  x2(d,0)  itself  shifts  to  larger  2  kfd  as  zr 
increases. 

Figures  2  depict  intervals  of  2kpd  for  which  the  biqua¬ 
dratic  coupling  criterion  Bx2(rf,0)<-|AX2(rf,0)|  is  satis¬ 
fied,  minimizing  the  energy  of  Eq.  (1).  Thus,  for  example. 
Fig,  2(a)  illustrates  90°  coupling  in  the  vicinity  of  node  “1” 
of  Ax2(d,0),  at  a  spacer  thickness  2kfds0.8,  where 
Biz(d,0)<0.  However,  note  the  lack  of  such  coupling  where 
BI2(d,0)>0.  such  as  at  nodes  “2”— “5”  of  this  same  figure. 
As  Zf  increases,  Fig.  2(b)  illustrates  90°  coupling  at  node 
“2”  while  Fig.  2(c)  shows  the  onset  of  90°  coupling  at  node 
“3”  (and  possibly  node  “4”),  in  addition  to  nodes  “1” 
and  “2.” 
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Thus,  as  the  coupling  strength,  the  degree  of  exchange  32  j  zF\sr* 

splitting  of  the  ferromagnet  energy  bands,  decreases  (zF  in-  g(d>.<)  =  —  (l  +  e)4^jj  dx  xix2- <f>2) 

creases),  the  biquadratic  state  of  near  90°  alignment  of  the  * 

FM  moments  appears,  with  increasing  2kfd,  at  successive  x[x-  'Jx2+zf~2<t>2(  1  +  e) ' 1  ]  V 1  “  T  vTT; ]x  (8b) 

nodes  of  the  bilinear  coefficient,  as  depicted  in  Figs.  2.  How¬ 
ever,  as  2kpd-<&  for  a  given  zF ,  the  nodes  of  the  bilinear  Since  we  are  only  interested  in  the  leading  term  as  zF— ®,  we 

term  coincide  with  nodes  of  the  biquadratic  term,15  so  this  *iave 

effect  is  restricted  to  the  preasymptotic  regime  of  2k fd.  2  r  »  x2~  <b2 

We  now  turn  to  the  evaluation  of  Al2(d,T)  and  g(<t>,e)  = —  I  dx — j —  e"“+'rT'l\  (9) 

B12 (d,T)  with  temperature.  First,  we  consider  the  RKKY  n  *  * 

limit  (*0<t*F)  a(  fint*  7".  specifically  the  RKKY  form  of  representative  of  the  RKKY  limit.  Most  of  the  contribution 

AizCrf*2')*  which  brings  out  the  salient  features  of  the  non-  j0  integral  over  (  comes  from  eso,  so  we  take 

monotonic  temperature  dependence  of  both  Al2(d,T)  and  (l  +  e)in=l  +  e/2  in  the  argument  of  the  exponent  of  Eq.  (9). 

®t2 (d,T).  In  this  way,  the  integral  of  Eq.  (8a),  equated  to  one  that 

To  begin,  we  can  expand  j(d,£\0)  of  Eq.  (4a)  in  powers  encloses  the  upper-half-plane  of  complex  f,  is  approximated 

of  cos  $3  as  we  have  done  formally  for  j(d,T;$)  of  Eq.  (3),  as  a  sum  over  the  second-order  poles 
expressing  the  expansion  in  terms  of  coefficients  jn(d,E),  f  (T)  =  iir(2p+  1  )(*BT/£F)  of  df(e,T):Be,  viz., 
analogous  to  jp(d,T).  In  this  way,  we  integrate  over  jn(d,E) 

in  the  maimer  of  Eq.  (4b)  to  obtain  the  various  ;„(d,T),  (0)  kBT  „  d 

which  define  A, 2(d,T),B;2(d,T) . The  expansion  coeffi-  A12(0,r)=AI2  1m  2m  —  2,  yf  g(d>,e) 

dents  can  be  written  explidtly  as  p~°  «-«  <r i 


^d'E)‘~4 7S  I,mo  [m  £  I n ] ( 2 


x(z2—~—  (z- Vl  +  z2)i(l+  rie'(2V('+ 1  l+«k 
\  2A0 


As  2F~>“  (the  RKKY  limit),  the  /  =0  term  in  the  sum  of  Eq. 
(6)  provides  the  most  significant  contribution  to  the  integral. 
This  can  be  seen  by  noting  that  the  factor  (z  -  vT+z7)4 
tends  to  zero  for  z  of  large  modulus.  Since  it  is  the  values  of 
EssEf  that  matter  most,  so  that  the  lower  bound  of  the  inte¬ 
gral  in  Eq.  (6)  will  be  nearly  zF*>l,  the  integrand  of  a  given 
/  will  rapidly  tend  to  zero  as  1  increases.  Thus,  only  j0(d,E) 
is  significant  in  the  extreme  limit  of  large  zF,  and  therefore, 
only  thcAu(d,T)=  — ( A0h/2)j0(d,T)  exchange  coeffident 
remains,  hence 


An(d,T) 


1 

=  2  4o*J 


dE  j0(d,E)  —  f(E,T) 


32  f*  9 

^  f(E,T) 


X(z-Vr+?)V<2*^+a)l,  kQSkT.  (7) 

Now,  defining  e  via  E  =  (l  +  e)EF,  and 
x=z(2i0d)(l+e)_  ,  we  change  integration  variables  from 
E  and  z  to  t  and  x,  respectively.  With  <f>=2k?d,  the  approxi¬ 
mation  of  Eq.  (7)  becomes 

Ai2(+,T)aAl8 lim  Im  f  dt  g(0,e)  £  (8a) 

a— *0  J 

where 


XeHl*x„(T)/2]x  (10) 

Expressing  the  sum  over  p  in  closed  form,  and  defining 
T=(ir/2)(iB77£F),  then 


Note,  as  d~ >0,  Eq.  (11)  has  the  closed  form 

An{0,T)=A^  tanh(£F/*BT),  (12) 

which  is  clearly  a  monotonic  function  of  the  temperature,  as 
we  alluded  to  in  the  Introduction,  controlled  by  the  ratio  of 
kBT  to  £F.  Thus,  A  12(0,T)  is  typically  a  slowly  varying 
function  of  T. 

In  the  limit  of  T=0,  Eq.  (11)  is  in  exact  agreement  with 
the  RKKY  result  of  Baltensberger  and  Helman,16  as  can  be 
demonstrated.  Additionally,  in  the  limit  0— »®,  an  asymptotic 
expansion  of  Eq.  (11)  yields  the  leading  term. 


AI2(*,r)a-j  A  I®1 


T  if) 

sinh  r  0 


as  (13) 


which  agrees  in  form  with  the  tight-binding  result  of  Ed¬ 
wards  et  al}1  As  pointed  out  in  Ref.  17,  this  asymptotic  form 
illustrates  the  characteristic  temperature  T0=(2/ir)(£F/2*Fd) 
(i.e.,  r 4>=TIT0)  of  the  integral  of  Eq.  (11),  which  indicates 
that  the  temperature  dependence  of  AI2(d,T)  is  not  con¬ 
trolled  completely  by  the  ratio  of  the  thermal  energy  to  the 
Fermi  energy,  but  is  instead  mediated  by  the  spacer  thickness 
d  via  the  factor  <t>=2kjd. 

The  role  of  T0  is  especially  important  in  Eq.  (11)  for 
intermediate  values  of  <t>,  when  the  function 
tx~2(x2-  02)/sinh  rx,  which  modulates  sinx,  has  a  local 
maximum  in  x.  If  sinx  does  not  oscillate  too  rapidly,  as 
when  <f>  is  of  modest  size,  then  the  integral  over  x  itself  can 
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FIG.  3.  Equation  (11)  as  a  function  of  (a)  24,*/  and  (b)  ksT!Ef .  In  (b), 
selected  points  A.  B,  and  C  of  (a)  arc  normalized  via  the  magnitude  of  their 
most  extreme  values,  which  are,  respectively,  the  fractions  0.182,  -0.100, 
and  -0.0107  of  A !“. 


pass  through  a  maximum  or  minimum  corresponding  to 
some  value  of  r.  We  illustrate  this  effect  for  preasymptotic 
values  of  spacer  thickness,  plotting  numerical  calculations  of 
Eq.  (11)  as  a  function  of  <j>=2kpd  for  several  values  of  tem¬ 
perature  in  Fig.  3(a).  At  first  glance,  it  is  apparent  from  the 
figure  that  an  effect  of  increased  T  is  an  attenuation  of  the 
amplitude  of  the  exchange  oscillations.  However,  in  addition 
to  this  effect,  there  is  also  an  accompanying  shift  in  the 
phase,  which  is  nonmonotonic  with  increasing  7.  We  can 
realize  the  consequences  of  this  phase  shift  by  comparing  the 
amplitudes  of  the  plots  in  Fig.  3(a)  as  a  function  of  increas¬ 
ing  2kfd. 

hi  Fig.  3(a),  we  have  selected  three  points.  A,  B,  C,  that 
characterize  the  different  types  of  T  dependence  of 
T).  At  A  (2M=l-0),  we  see  an  initial  increase  in 
amplitude  before  an  eventual  decay  to  zero.  (Note  the  phase 
transition  from  the  AFM  state  to  the  FM  state  near 
24pd=l.S.)  At  B  (2*pd =2.5),  near  the  first  AFM  peak,  the 
implication  of  Fig.  3(a)  is  a  monotonic  7  dependence.  And, 
at  C  (2ip</=4.0),  there  is  an  initial  decrease  in  amplitude  of 
An(d,T),  followed  by  an  eventual  increase  to  zero.  Figure 
3(b)  explicitly  illustrates  the  7  dependence  at  points  A,  B, 
and  C.  Note  the  large  change  in  magnitude  of  At2(d,T)  at 
point  C,  a  result  of  its  proximity  to  a  node,  where  the  slope 
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ofAn(d,T)  with  d  is  greatest.  The  effect  of  the  thermally 
induced  phase  shift  is  thus  accentuateo  here. 

Summarizing  our  analysis  of  Eq.  (11),  we  found  that  as 
2kfd  increases  from  zero,  the  character  of  Al2(d,T)  vs  7 
alternates  in  a  continuous  fashion  between  regimes  A  and  C 
according  to  the  sequence  “B,  A,  B,  C,...,”  with  transition 
point  B  occurring  near  each  FM/AFM  peak  in  the  oscilla¬ 
tions.  As  2kpd->ac,  the  regimes  A  and  C  must  evolve  con¬ 
tinuously  into  the  monotonic  character  of  the  points  B,  in  the 
manner  of  Eq.  (13).  Our  numerical  evaluation  of  Eq.  (5)  was 
limited  to  2kpd£10,  due  to  the  rapid  oscillations  of  the  in¬ 
tegrand;  however,  regime  A  was  clearly  evident,  even  at 
2  M  =9.0,  for  instance. 

We  now  turn  to  the  evaluation  of  Al2(d,T)  and 
Bl2(d,T)  for  finite  coupling  strengths  2r-kf/k0,  via  the  nu¬ 
merical  calculation  of  Eq.  (5).  As  we  do,  we  note  in  passing 
that  the  nonmonotonic  behavior  depicted  in  Figs.  3  is  not 
particular  to  the  RKKY  limit  of  our  model,  but  is,  in  fact, 
typical  of  RKKY  coupling  at  finite  T.  For  example,  if  we 
consider  the  simple  case  of  two  magnetic  moments  separated 
by  a  distance  r  and  coupled  through  an  electron  gas,  and 
apply  an  approximation  scheme  like  that  presented  above, 
the  exchange  strength  between  these  moments  exhibits  a  7 
dependence,  with  increasing  r,  very  similar  to  that  described 
above  and  depicted  in  Figs.  3.  It  is  for  modest  values  of  r 
that  a  nonmonotonic  7  dependence  is  realized;  monotonic 
behavior  is  recovered  as  r— =<=.ls 

We  have  determined  numerically  the  exchange  coupling 
for  values  of  zF  in  the  range  0.1<zF<°°,  from  the  cos  6  ex¬ 
pansion  of  Eq.  (5).  In  particular,  we  have  found  that 
An(d,T)  vs  T  follows  trends  in  2  k  pd  similar  to  those  de¬ 
picted  in  Figs.  3.  As  an  example.  Fig.  4(a)  depicts  A, :(d, 7) 
as  a  function  of  kBTIEf  for  several  values  of  2 kpd,  corre¬ 
sponding  to  the  coupling  strength  zF=1.0.  Compare  the  be¬ 
havior  with  temperature  illustrated  in  Fig.  4(a)  with  that  of 
Fig.  3(b).  Note  the  appearance  of  a  secondary  maximum  in  C 
of  Fig.  4(a). 

Also  of  consideration  for  finite  coupling  strengths  zF  is 
the  temperature  dependence  of  BJ2[d,T).  The  coefficient 
Bl2(d,T)  also  exhibits  a  7-dependent  form  similar  to  that 
illustrated  in  Figs.  3  and  Fig.  4(a),  except  that  the  nonmono¬ 
tonic  regions  in  2 kpd,  A  and  C,  are  approximately  half  the 
size  of  the  corresponding  regions  of  Al2(d,T).  This  occurs 
because  the  Bi2(d,T)  coefficient  oscillates,  as  a  function  of 
d,  approximately  twice  as  rapidly  as  the  Al2(d,T)  coeffi¬ 
cient.  [This  is  easily  seen  from  Eq.  (6),  noting  that  the  lead¬ 
ing  harmonic  of  j„(d,E)  is  /=n.]  Thus,  as  a  function  of 
2kfd,  the  switching  between  the  regions  of  maximum  and 
minimum  behavior  with  7  is  essentially  twice  as  rapid  for 
Bn(d,T).  Figure  4(b)  illustrates  the  7  dependence  of 
Bn(d,T)  for  several  values  of  2  k  pd,  corresponding  to  the 
coupling  strength  zF=1.0. 

IV.  CONCLUDING  REMARKS 

We  have  presented  a  model  of  mismatched  majority-  and 
minority-spin  electrons,  treated  as  a  finite-barrier  tunneling 
problem,  in  which  oscillatory  biquadratic,  as  well  as  bilinear, 
exchange  coupling  arises  between  FM  films.  Moreover,  the 
biquadratic  coupling  is  shown  to  dominate  the  bilinear  cou- 
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FIG.  4.  (.)  ii12(d,r)=-(A0A/2);0(<f,r)  and  (b)  Bx2(d,T) 

~  ~(A0hl2)ji(d,T),  from  the  cos  6  expansion  of  Eq.  (5)  vs  khT(E P  for 
Zi>»1.0.  Curves  A,  B,  and  C  are  normalized  again  via  the  magnitude  of  their 
most  extreme  values,  which  are,  respectively,  the  fractions  (a)  0.103, 
-0.0674.  and  -7.29X10"3;  and  <b)  2.69x10"*,  1.11x10'*,  and 
-7.38X10"’,  of /iff . 

pling  for  certain  values  of  spacer  thickness,  over  a  range  of 
coupling  strengths,  implying  the  existence  of  90°  relative 
spin  orientations  in  the  ferromagnets  at  these  thicknesses. 
Our  simple  model  of  exchange  coupling,  being  free-electron- 
like,  fails  to  produce  die  multiple  periodicities  of  a  more 
realistic  band-structure  approach,  nor  has  it  included  the  in- 
terfacial  effects  of  charge  transfer,  the  “softening”  of  inter¬ 
facial  exchange  interactions,  and  roughness.  It  is  therefore 
not  possible  to  make  detailed  quantitative  comparisons  be¬ 
tween  the  experimental  results  and  our  model.  There  may  be 
several  sources  of  biquadratic  coupling;  our  results  neverthe¬ 
less  make  clear  that  biquadratic  coupling  is  a  feature  intrinsic 
to  exchange-coupled  films. 

With  regard  to  the  behavior  of  our  model  with  tempera¬ 
ture,  we  are  again  limited  in  the  extent  to  which  quantitative 
comparisons  of  our  model  with  experiment  can  be  made. 
Indeed,  and  quite  obviously,  a  fit  (tF~  1.0  A'1)  of  our  me, tel 
to  the  short-period  oscillations  observed  in  Fe/Cr/Fe  would 
make  for  a  temperature  scale  in  Figs.  3  and  4  that  is  unreal¬ 
istically  large  by  two  orders  of  magnitude.  However,  we 
speculate  that  a  more  realistic  T  scale  might  be  obtained 
from  a  “pocket”  of  electrons  originating  from  a  portion  of 
Fermi  surface  of  small  curvature.  Such  speculation  is  not 


unreasonable  with  regard  to  Cr,  whose  bulk  form  can  exhibit 
an  AFM  spin-density-wave  ground  state.  The  Brillouin  light 
scattering  measurements  of  A,2(rf,7')+£l2(<t,7')  vs  T  of 
Ref.  3,  Fig.  5,  reproduced  in  different  e-beam  treated  F e/ 
Cr/Fe  wedge  samples,  appear  to  be  qualitatively  the  same  as 
Figs.  3(b)  and  4.  As  mentioned  in  the  Introduction,  at  a 
spacer  thickness  of  four  monolayers,  these  authors  measure  a 
pronounced  peak  in  the  AFM  exchange  energy,  at  Tse20-30 
K,  only  to  find  nearly  monotonic  temperature  dependence  at 
a  thickness  of  five  monolayers.19  A  strong  temperature  de¬ 
pendence  of  AI2(<f,r),  as  speculated  here,  would  also  have 
ramifications  for  the  temperature  dependence  of  the  extrinsic 
Bu(d,r)  of  Ref.  10,  which  originates  from  averaging 
roughness-induced  fluctuations  of  the  intrinsic  Al2(d,T).  We 
hope  this  paper  will  stimulate  further  temperature-dependent 
measurements  of  exchange-coupled  films.  More  realistic 
band-structure  calculations  are  clearly  a  necessity. 
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Photo-induced  antiferromagnetic  Interlayer  coupling  In  Fe  aupertatttcee 
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Sputtered  Fe/FeSi  films  possessing  antiferromagnetic  (AF)  interlayer  coupling  at  room  temperature 
develop  ferromagnetic  remane  nee  when  cooled  below  100  K,  but  the  AF  coupling  can  be  restored 
at  low  temperature  by  exposure  to  visible  light  of  sufficient  intensity  (>10  mW/mm2).  We  attribute 
these  effects  to  charge  carriers  in  the  FeSi  spacer  layer,  which,  when  thermally  or  photogenerated, 
are  capable  of  communicating  spin  information  between  the  Fe  layers. 


(.INTRODUCTION 

Antiferromagnetic  (AF)  coupling  of  ferromagnetic  lay¬ 
ers  across  metallic  spacers  has  been  studied  extensively.'  Re¬ 
cent  experimental  studies  have  also  focused  on  nonmetallic 
spacers.  Fe/FeSi  sputtered  superlattices  provide  an  example 
of  such  a  system.  At  room  temperature,  superlattices  with 
FeSi  spacer  thicknesses  of  —13-17  A  exhibit  AF 
coupling.2'4  Upon  cooling,  the  layers  uncouple  and  the  hys¬ 
teresis  loops  exhibit  ferromagnetic  remane  nee.  At  low  tem¬ 
peratures,  the  AF  coupling  can  be  restored  by  irradiation 
with  visible  laser  light.4  These  phenomena  are  attributed  to 
charge  carriers  in  the  spacer,  which  can  be  either  thermally 
or  photoinduced  to  mediate  the  magnetic  coupling.  Though 
present  theories  describe  coupling  in  systems  with  metallic 
spacers,5'8  it  remains  a  challenge  to  describe  magnetic  cou¬ 
pling  across  nonmetallic  spacers.  Other  systems  with  nonme¬ 
tallic  spacers  include  amorphous  (a)  spacers  such  as  Fe/o- 
Si/Fe  trilayers,9  and  epitaxial  CoO/NiO  superlattices.10 

In  this  paper  we  provide  an  overview  of  our  studies  of 
Fe/Si  and  Fe/FeSi  superlattices.  TVvo  different  routes  were 
taken  to  grow  the  samples.  The  first  was  to  alternately  sputter 
deposit  Fe  and  Si  layers,  with  the  Fe  layer  thickness  held 
constant  at  30  A  and  the  Si  layer  thickness  varied.  In  this 
case,  a  silicide  spacer  formed  from  the  interfacial  reaction  of 
the  Fe  and  Si  during  growth.  This  resulted  in  a  crystalline 
spacer  for  nominal  Si  thicknesses  £17  A.  The  second  route 
utilized  superlattices  that  consist  of  30-A  Fe  layers  separated 
by  spacers  deposited  as  [Fe(2  A)/Si(3-4  A)]«  multilayers, 
where  the  index  n  is  adjusted  to  change  the  spacer  thickness. 
In  the  latter  case  atomic  Fe  and  Si  layers  react  to  form  crys¬ 
talline  FeSi  spacers  for  all  thicknesses  explored  (£80  A).  All 
samples  were  grown  by  dc  magnetron  sputtering  onto  Si, 
sapphire,  and  Kapton  substrates  at  ambient  temperature.  For 
simplicity,  we  refer  to  the  samples  as  Fe/Si  and  Fe/FeSi  su¬ 
perlattices  to  differentiate  between  the  two  growth  se¬ 
quences. 

Structural  characterizations  by  means  of  x-ray  diffrac¬ 
tion  are  summarized  in  Sec.  II.  Magnetic  properties,  probed 
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by  SQUID  and  Kerr  magnetometry,  appear  in  Sec.  III.  Moss- 
bauer  results  appear  in  Sec.  IV.  The  paper  is  concluded  with 
a  presentation  and  discussion  of  the  photoinduced  effects  in 
Sec.  V. 


11.  STRUCTURAL  CHARACTERIZATIONS 

The  structural  properties  of  the  Fe/Si  and  Fe/FeSi  super- 
lattices  are  very  similar  when  the  nominal  spacer  thickness  is 
£17  A.  High-angle  superlattice  peaks  are  observed,  which 
indicate  (110)  growth  of  the  Fe  layers.  The  crystalline  coher¬ 
ence  length  {,  estimated  from  the  full  width  at  half¬ 
maximum  (FWHM)  of  the  main  diffraction  peak,  is  —ISO  A 
for  both  series  of  samples  (see  Fig.  1).  This  indicates  crys¬ 
talline  coherence  over  many  bilayers.  The  average  lattice 
spacing,  determined  from  the  position  of  the  central  Bragg 
reflection,  is  —2.015  A.  The  diffraction  spectra  could  be  re¬ 
produced  quantitatively"-12  using  a  two-component  model, 
where  one  layer  has  a  lattice  spacing  of  2.03  A  and  the  other 
has  2.00  A.  The  former  corresponds  to  the  Fe(110)  layer  and 
the  latter  to  the  silicide  spacer.  Asymmetric  and  transmission 
diffraction  scans  indicate  coherent  diffraction  peaks  in  the 
expected  bcc  positions.  This  indicates  that  lateral  coherence 
is  maintained  at  the  interfaces,  and  suggests  that  the  silicide 


FIG.  1.  Structural  coherence  length  estimated  from  the  FWHM  of  the 
Fe(110)  Bragg  peak  for  the  Fe/Si  (solid  circles)  and  the  Fe/Fc-Si  (open 
squares)  films.  The  solid  lines  serve  as  a  guide  to  the  eye. 
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spacer  shares  the  same  cubic  symmetry  as  the  Fe  layers. 
There  are  a  number  of  siliddes  that  can  satisfy  this  criterion. 

We  identify  the  primary  silicide  species  in  the  spacer  as 
e-FeSi.  e-FeSi  has  a  simple  cubic  Bravais  lattice  with  tetra¬ 
hedral  point  symmetry,  and  the  [210]  direction  of  e-FeSi 
has  a  lattice  spacing  of  2.007  A,  which  is  consistent  with  that 
determined  from  fitting  the  data.  There  are  four  other  candi¬ 
date  siliddes  that  would  satisfy  our  structural  criterion,  but 
these  can  be  ruled  out  on  other  grounds.  These  indude  the 
disilidde  structures  and  orientations:  n-FeSi2  (cubic),14 
fi-FeSi2  [004]  (orthorhombic), 15  and  y-FeSi2  [002]  (CaF2 
structure).14  Disiliddes  are  not  anticipated  on  thermody¬ 
namic  grounds,11  and  can  be  eliminated  from  consideration 
based  on  the  Mossbauer  results  discussed  in  Sec.  IV.  The 
other  candidate,  a  monosilidde,  has  a  CsCI  structure. lil9 
However,  this  phase  is  metallic,  while  e-FeSi,  a  small-gap 
semiconductor,  can  more  plausibly  explain  the  electronic 
properties  of  our  superlattices.  Thus,  while  structural  and 
symmetry  arguments  alone  are  insuffident  to  distinguish  the 
dominant  silicide  phase  in  our  spacer  layers,  we  nonetheless 
can  converge  on  e-FeSi  as  the  species  that  controls  the  phys¬ 
ics. 

For  spacer  thicknesses  >17A,  there  are  significant  struc¬ 
tural  differences  between  the  Fe/FeSi  and  Fe/Si  samples.  The 
crystalline  coherence  length  versus  spacer  thickness  for  the 
two  are  shown  in  Fig.  1.  Whereas  the  Fe/FcSi  samples  main¬ 
tain  crystalline  coherence,  a  weakly  textured  Fe(110)  peak 
with  a  FWHM  that  yields  f~30  A  is  observed  for  the  Fe/Si 
samples.  Since  £~iFc  for  the  Fe/Si  samples,  the  Si  spacer  is 
either  amorphous  or  sufficiently  disordered  to  limit  crystal¬ 
line  coherence  between  the  Fe  layers.  This  sets  an  upper 
limit  to  the  crystalline  silidde  interfacial  reaction  distance  of 
~17  A,  in  agreement  with  the  quantitative  neutron- 
reflectivity  studies  of  Ankner  et  a L20 

III.  MAGNETIZATION 

The  in-plane  magnetic  hysteresis  loop  and  saturation 
magnetization  M,  were  measured  by  means  of  both  SQUID 
magnetometry  and  the  longitudinal  Kerr  effect  for  magnetic 
fields  *10  kOe.  The  room-temperature  M,  value  (in  the 
Fe/Si  samples)  is  significantly  reduced  (—30%)  from  the 
bulk  Fe  moment  due  to  the  interaction  with  Si.  A  typical 
hysteresis  loop  for  an  AF  coupled  film  is  shown  in  Fig.  2(a). 
The  low-temperature  loop  of  Fig.  2(b)  reveals  that  the  film 
develops  ferromagnetic  remane  nee  upon  cooling.  These  re¬ 
sults  are  confirmed  by  polarized  neutron  reflectometry.3  The 
temperature  effects  result  from  the  freezing  out  of  carriers 
upon  cooling,  as  will  be  discussed  further. 

Figure  3  shows  the  room  temperature  saturation  field  H, 
versus  spacer  thickness.  Both  series  of  films  show  large  H, 
values  in  the  thickness  range  of  14-17  A,  characteristic  of 
AF  coupling,  but  no  evidence  of  higher-order  AF  oscilla¬ 
tions.  The  difference  in  H,  between  the  two  series  is  largely 
accounted  for  by  the  reduction  in  the  moment  of  the  Fe  layer 
in  the  Fe/Si  series.  The  lack  of  higher-order  AF  oscillations  is 
rather  surprising,  since  the  coupling  energy  observed  at  15-A 
spacer  thickness  is  quite  large:  J erg/cm2,  where 
J 4.  In  an  earlier  publication  we  attributed  the 
lack  of  AF  oscillations  to  the  formation  of  an  amorphous 
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PG.  2.  Magnetic  hysteresis  loops  for  [Fet30  A)/Si(  15  A)]*,  u  (a)  298  K 
and  it'  10  K. 

spacer  in  the  larger  Si  thickness  regime.2  However,  we  sub¬ 
sequently  found  that  no  oscillations  are  observed  even  when 
the  crystallinity  is  maintained  in  the  Fe/FeSi  samples. 

IV.  MOSSBAUER  RESULTS 

Transmission  and  conversion-electron  Mossbauer  spec¬ 
troscopy  were  used  to  identify  the  different  Fe  phases  in  the 
superlattices.  Samples  were  grown  on  Kapton  substrates  for 
the  low-temperature  transmission  studies.  The  Mossbauer  re¬ 
sults  show  no  dependence  on  the  choice  of  substrate.  For  all 
films,  the  spectra  consist  of  a  superposition  of  a  magnetically 
split,  six-line  contribution  and  a  nonmagnetic  central  portion, 
as  shown  in  Fig.  4.  The  magnetically  split  component  results 
from  the  Fe  layers,  and  the  nonmagnetic  component  origi¬ 
nates  from  the  silicide  spacer.  The  polarization  of  the  spins. 


PG.  3.  TV  satuntioa  field  W,  n  298  K  venae  spacer  thickness  for  Fe/Si 
asd  Fe/FeSi  (inset)  films,  where  the  solid  lines  sre  goides  to  the  eye. 
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phases.21  The  H,  were  restricted  to  published  values22  at 
room  temperature,  and  allowed  to  vary  somewhat  at  low 
temperature,  where  the  appropriate  Mossbauer  parameters 
are  unknown.  In  practice,  no  more  than  two  magnetic  phases 
could  be  handled  while  still  retaining  statistical  significance. 
The  combination  of  0  at.  %  Si  (i.e.,  o-Fe)  and  IS  at.  %  Si  as 
the  two  phases  yields  better  fits  than  o-Fe  combined  with 
either  10  or  20  at.  %  Si.  The  IS  at.  %  Si  phase  represents  the 
approximate  solubility  limit  of  Si  in  bcc-Fe,  which  implies  Si 
diffusion  into  the  Fe  layers.  Another  possible  component  of 
the  magnetically  split  part  of  the  spectrum  is  the  ordered 
FejSi  phase  (Fe,AJ  structure).  However,  examination  of  the 
//,  distribution  indicates  that  <5%  of  the  Fe  exists  in  this 
structure.  The  fractional  composition  for  some  representative 
films  is  given  in  Table  I.  For  the  Fe/Si  superlattices,  little 
difference  in  the  fractional  composition  is  observed  for  the 
magnetically  split  part  of  the  spectra  whether  the  spacer  is 
crystalline  or  amorphous.  For  the  Fe/FeSi  superlattices,  there 
is  a  significant  increase  in  the  amount  of  a- Fe  relative  to  the 
IS  at.  %  Si  phase,  since  there  is  more  Fe  in  the  overall  struc¬ 
ture  and  the  Fe  in  the  spacer  preferentially  forms  FeSi. 

For  the  Fe/Si  superlattices,  the  quadrupole  splitting  (A) 
and  isomer  shift  (IS)  of  the  nonmagnetic  layer  are  dependent 
on  the  spacer  thickness,  /$,  as  shown  in  Fig.  5.  For  rsi>  17 
A,  where  the  spacer  is  amorphous,  A  and  IS  are,  indeed, 
characteristic  of  o-FeSi.23'24  As  t&  increases,  IS  decreases, 
indicating  a  Si-rich  a-Fe-Si  composition.  For  the  superlat¬ 
tices  with  crystalline  spacers,  A  is  smaller  than  for  the  a- Fe¬ 
Si  alloys,  as  expected. 


TABLE  I.  Mossbauer  parameters  for  selected  Fe/Si  and  Fe/FeSi  films.  Parameters  in  the  first  three  columns  of  results  are  obtained  by  fitting  the  nonmagnetic 
component  to  an  electric  quadrupole  doublet,  while  those  in  the  last  two  columns  utilize  a  singlet  in  the  fitting  procedure,  (a)  and  (b)  list  the  composition  of 
the  magnetic  and  nonmagnetic  phases,  respectively,  based  on  the  relative  spectral  areas,  (c)  lists  parameters  for  the  nonmagnetic  phase.  Numbers  in 
parentheses  represent  statistical  uncertainties. 


[Fe(30  A)/ 

[FeOO  A)/ 

[Fe(30  A)/ 

[Fe(30  A)/ 

[Fc(30  A)/ 

Si(25  A)J10 

S(20A)1» 

Si(15  Ajio 

Si(14  A)]*, 

FeSi(17  A)]m 

(a)  Magnetic  phases 

%  o-Fe 

298  K 

9(5) 

14(4) 

16(6) 

23(6) 

42(6) 

%  FeojjSio.,, 

298  K 

%FeISi1_#  {x>05) 

57(8) 

57(6) 

58(6) 

48(7) 

29(4) 

298  K 

8(1) 

8(1) 

7(1) 

8(1) 

5(1) 

(b)  Nonmagnetic  phase 

%  FeSi 

298  K 

26(1) 

22(1) 

19(1) 

21(1) 

24(1) 

79  K 

19(1) 

22(1) 

4.2  K 

20(1) 

21(1) 

(c)  FeSi  parameters 

A  (mm/s) 

298  K 

HWHM*  (ram/s) 

0.64(2) 

0.60(2) 

0.41(4) 

298  K 

0.55(1) 

0.38(1) 

77  K 

0.69(3) 

0.49(3) 

42  K 

IS  (mm/s) 

0.77(2) 

0.57(2) 

298  K 

0.21(1) 

0.23(1) 

0.24(1) 

0.227(5) 

0.257(5) 

77  K 

0.333(9) 

0.375(4) 

42  K 

0.365(8) 

0.390(8) 

*Half-wkkh  at  half-maximum  of  the  central,  nonmagnetic  feature. 


velocity  (irun/s) 


FIG.  4.  Ttammitsioo  Moutauer  spectrum  for  [Fe(30  A>/Si(M  A/j.^ 
at  296  K. 


determined  born  the  relative  peak  areas,  confirms  that  the  Fe 
moments  are  in  plane  with  no  out-of-plane  components  in 
zero  applied  field. 

The  magnetically  split  part  of  the  spectrum  was  fitted  to 
a  distribution  of  six-line  spectral  components  characterized 
by  areas  P(H,)  and  hype  rime  fields  Ht ,  using  a  standard 
procedure  outlined  elsewhere.21  The  Ht  reflect  the  local  en¬ 
vironment  of  the  Fe  atom.  For  all  films,  H,  values  between  0 
and  230  kOe  contributed  negligibly,  as  anticipated.  Briefly, 
to  determine  the  relative  amounts  of  magnetic  phases  in  the 
films,  the  resulting  P(Ht)  distribution  was  fitted  to  the 
known  Mossbauer  values  for  different  Fe^Si,.,  alloy 
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HO.  5.  Ouadnrpole  splitting  A  (open  triangles)  and  isomer  shift  IS  (open 
circles)  for  selected  [Fc(30  A)/Si(x)]  films,  where  IS  is  refottneed  to  the 
vshic  for  bulk  Fe  at  2%  K 


The  nonmagnetic  character  of  the  spacer  at  all  tempera¬ 
tures  limits  the  possible  crystalline  phases  to  the  various 
structural  modifications  of  FeSi2  and  FeSi.  a-FeSi2  is  meta¬ 
stable  at  room  temperature  and  only  exists  with  —15%  Fe 
vacancies.14  It  has  a  room  temperature  A—0.55  mm/s  and  an 
average  IS  of  0.20  mm/s.  But  the  vacancies  would  lead  to  an 
asymmetric  quadru pole  doublet  that  is  not  observed  in  our 
studies.  /J-FeSi2  can  be  eliminated  because  the  average 
room-temperature  IS  for  its  two  Fe  sites  (~0.10  mm/s)  is 
much  smaller  than  the  observed  value.  Also,  for  both  of  the 
above  forms  of  FeSi2,  A  shows  only  a  slight  temperature 
dependence  below  300  K,  contrary  to  experiment.  Tim  Moss- 
bauer  properties  of  y-FeSi2  are  unknown. 

The  most  likely  stoichiometry  for  the  crystalline  spacer 
is  FeSi.  A  metastable,  cubic  CsCI  structure  was  reported  re¬ 
cently  for  FeSii+i  deposited  on  Si(lll)19,25  via  molecular 
beam  epitaxy  (MBE)  below  300  °C.  While  the  Mossbauer 
properties  of  this  phase  are  unknown,  it  is  metallic  at  room 
temperature  and  is  not  expected  to  show  the  strong  tempera¬ 
ture  dependence  observed  in  our  Mossbauer  and  magnetiza¬ 
tion  studies.  We  discussed  this  phase  previously,3  but  we  now 
believe  that  its  presence  is  inhibited  due  to  the  growth  on 
Fe(l  10),  and  because  with  our  sputtering  conditions  the  im¬ 
pinging  atoms  are  significantly  more  energetic  than  those  in 
MBE. 

The  room-temperature  A  and  IS  of  e-FeSi  are  0.48  and 
0.28  mm/s,  respectively.26  These  values  are  in  reasonably 
good  agreement  with  the  parameters  for  our  crystalline 
[Fe(30  A)/Si(15  A)]^  superlattice  (-0.41  and  0.24  mm/s, 
respectively).  Most  importantly,  eFeSi  has  a  very  narrow 
semiconducting  band  gap  estimated  to  be  0.05-0.06  eV 
experimentally26,27  and  —0.11  eV  theoretically.28  The  narrow 
gap  causes  A  (but  not  IS)  to  vary  rapidly  with  temperature.26 
Two  films,  [Fe(30  A)/Si(14  A)]^  and  [Fe(30  A)/Fe-Si(14 
A)]*,,  were  studied  as  a  function  of  temperature.  Unfortu¬ 
nately,  the  nonmagnetic  spectral  component  is  not  suffi¬ 
ciently  resolved  at  low  temperature  to  determine  A  accu¬ 
rately.  But  it  can  be  fitted  with  a  single  broad  line,  whose 
width  increases  by  nearly  50%  on  cooling  from  room  tem¬ 
perature  to  4.2  K,  and  whose  IS  exhibits  the  same  tempera¬ 
ture  dependence  as  that  of  the  magnetic  layer,  consistent  with 


the  known  behavior  of  e-FeSi.26  Additionally,  for  both  films 
the  fractional  area  of  the  nonmagnetic  phase  is  independent 
of  temperature. 


V.  PHOTO!  NOUC  ED  RESULTS 

For  a  semiconducting  spacer,  exposure  of  the  samples  to 
visible  light  should  produce  effects  similar  to  those  of  in¬ 
creasing  the  temperature.  To  explore  this  we  used  a  two-laser 
pump-probe  arrangement  to  study  the  effects  of  incident  light 
on  the  magnetic  coupling.  A  low  power  (25  mW)  He-Nc 
laser  (A=6328  A)  was  used  as  the  probe  to  obtain  magneto¬ 
optic  Ken  loops,  and  a  variable  power  (10-1000  mW)  Kr 
(6471  or  5309  A)  or  Ar  (5145  A)  laser  was  used  to  illuminate 
the  sample.  This  is  shown  schematically  in  Fig.  6.  The  unfo¬ 
cused  (~2  mm  diameter)  laser  beams  were  superimposed  on 
the  sample.  The  experiment  consists  of  varying  the  power  of 
the  Kr/Ar)  laser  and  monitoring  the  magnetization  via  the 
Ken  effect  using  the  He-Ne  laser.  The  measurements  were 
performed  as  a  function  of  temperature  using  an  optical  cry¬ 
ostat 

Figure  7  shows  Ken  loops  for  a  superlattice  with  a 
nominal  17- A  FeSi  spacer.  At  room  temperature  the  film  is 
AF  coupled  and  does  not  noticeably  change  when  irradiated 
with  100  mW  of  pump  power.  Upon  cooling  to  53  K,  the  film 
becomes  ferromagnetic;  but  most  strikingly,  the  AF  coupling 
is  restored  by  irradiation  with  100  mW  of  pump  power.  Ev- 


FIG.  7.  Kerr  krops  foe  >  [Fe<30  AVFeSK17  A))x  supertaoice:  (a)  fitowi  the 
loop  el  room  temperature  with  bo  pump-Uaer  power;  (b)  also  shows  the  loop 
at  53  K  with  bo  potsp  power,  aod  (c)  abowa  the  loop  a  53  K  with  100  mW 
of  pomp  power 


8172  J.  Appt  Ptrya.,  Vot.  79,  No.  10,  IS  May  1994 


I  terrain  at  *1. 


I 


\ 


eiy  one  of  the  Fe/FeSi  and  Fe/Si  superixttices  investigated, 
which  exhibits  AF  coupling  at  room  temperature  and  be¬ 
comes  increasingly  ferromagnetic  (or  uncoupled)  upon  cool¬ 
ing  (as  indicated  by  an  increase  in  the  remane  nee),  recovers 
its  AF  coupling  upon  exposure  to  visible  laser  light  of  suffi¬ 
cient  intensity  (>10  mW/mm2).  However,  films  that  are  not 
AF  coupled  at  room  temperature  do  not  become  AF  coupled 
after  similar  exposures  to  intense  light.  An  additional  feature 
of  importance  is  that  there  is  a  time  constant  of  -10-60  s 
associated  with  the  photo  induced  change  in  the  interlayer 
magnetic  coupling.4  The  existence  of  long  time  scale  photo¬ 
excitation  effects  are  attributed  to  trapping  of  electrons  or 
holes  in  metastable  states.19'53 

We  rule  out  the  possibility  that  laser  heating  can  play  a 
role  in  our  results  because  a  temperature  rise  of  only  a  few 
degrees  is  typically  reported  in  the  literature  for  Raman  ex¬ 
periments  with  similar  laser  power  densities.34  In  addition, 
we  find  that  it  takes  less  pump  power  at  S3  K  than  at  75  K  to 
restore  the  AF  alignment.4  If  laser  heating  were  the  cause  of 
the  AF  coupling,  one  would  expect  that  the  lower- 
temperature  experiments  would  require  more,  not  less, 
power. 

We  believe  that  the  photoinduced  AF  coupling  described 
above  is  caused  by  the  excitation  of  carriers  by  the  radiation. 
If  the  mechanism  involving  conduction  electrons  proposed 
for  metallic  layers  is  applicable  to  the  present  samples,  then 
the  strength  of  the  AF  coupling  should  depend  on  the  number 
of  carriers.  If  the  number  of  charge  carriers  changes  signifi¬ 
cantly,  as  expected  in  the  case  of  pfaotogenerated  carriers  in 
semiconductors  for  very  intense  light,  the  Fermi  wave  vector 
also  should  change,  and  might  alter  the  period  of  the  cou¬ 
pling.  It  should  then  be  possible  either  to  induce  or  inhibit 
coupling,  even  at  room  temperature,  an  effect  we  did  not 
observe.  In  addition,  one  would  expect  that  H,  should  vary 
continuously  with  laser  power,  however,  this  was  not  ob¬ 
served.  The  long  tune  constants  also  seem  to  be  inconsistent 
with  lifetimes  of  intrinsic  conduction  electrons,  and  are  more 
reminiscent  of  impurity  or  defect  induced  states.  Further¬ 
more,  that  lower  power  is  necessary  to  restore  AF  coupling  at 
lower  temperatures  is  consistent  with  there  being  less  ther¬ 
mal  energy  available  to  de-excite  the  trapped  electrons 
(boles).  However,  until  a  theoretical  model  is  developed  to 
explain  the  phenomenon  of  photoinduced  AF  coupling,  no 
definite  conclusion  can  be  drawn  regarding  the  nature  of  the 
states  involved. 

In  summary,  the  observations  that  films  that  are  AF  at 
room  temperature  become  uncoupled  (or  ferromagnetic) 
upon  cooling,  and  that  the  AF  coupling  can  be  restored  by 
intense  laser  irradiation,  indicate  that  the  FeSi  spacer  is  semi¬ 
conducting  with  a  small  energy  gap.  This  further  implies  that 
charge  and  spin  carriers  in  the  spacer  are  essential  for  the  AF 
coupling.  Mossbauer  spectroscopy  as  well  as  structural  and 
thermodynamic  considerations  implicate  e-FeSi  as  the 
spacer-medium  species  that  controls  the  physics  of  interest. 
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An  alternate  route  to  giant  magnetoresistance  in  MBE-grown  Co-Cu 
supertattices  (invited) 

Roy  Clarke,  Darryl  Bariett,  Frank  Tsui,  Baoxing  Chen,  and  Ctirad  Uher 

Harrison  Randall  Laboratory  of  Physics,  University  of  Michigan,  500  E.  University,  Ann  Arbor,  Michigan 
43100-1120 

Co-Cu  superlattices  grown  by  MBE  in  the  (111)  orientation  show  weak  or  nonexistent  interlayer 
exchange  coupling,  yet  several  groups  have  observed  large  high-field  magnetoresistance  signals  in 
excess  of  30%.  In  the  present  work,  we  address  some  of  the  questions  relating  to  GMR  and  the 
interlayer  coupling  by  studying  samples  with  atomically  abrupt  interfaces,  as  probed  by  real-time 
RHEED  techniques,  HRTEM,  and  spin-echo  NMR.  We  propose  that  the  lowered  dimensionality  of 
the  structure  leads  to  an  enhancement  of  the  scattering  of  conduction  electrons  from  paramagnetic 
interfaces  obeying  a  Langevin-like  saturation  at  very  high  fields,  well  beyond  the  switching  field  of 
the  Co  layers.  Scaling  between  the  GMR  and  thermopower  measurements  suggests  that  a 
spin-dependent  density  of  states  at  the  Co-Cu  interfaces  is  responsible  for  the  observed 
magnetotransport  behavior  in  these  samples,  rather  than  antiferromagnetically  coupled  Co  layers. 


I.  INTRODUCTION 

The  magnetotransport  behavior  of  (Ul)-oriented  Co-Cu 
multilayers  grown  by  molecular  beam  epitaxy  (MBE)  has 
recently  generated  some  controversy.  A  much  debated  issue 
concerns  the  appearance  of  giant  magnetoresistance  (GMR) 
in  samples  that  show  little1-4  or  no5,6  evidence  of  antiferro- 
magnetic  (AFM)  interlayer  coupling.  The  latter  is  a  well- 
established  mechanism  for  GMR  in  magnetic  multilayers  via 
spin-dependent  scattering;  it  is  characterized  by  a  sharp 
“knee”  in  the  resistance  versus  field  curve  at  the  flip  field  of 
the  counteraligned  spins.7 

A  number  of  authors  have  put  forward  sample  defects  as 
a  possible  explanation  why  AFM  may  be  masked  in  the 
Co-Cu  (111)  system.  For  example,  it  has  been  suggested  that 
stacking  faults8  and  pinholes9  may  lead  to  ferromagnetic 
bridging  across  neighboring  Co  layers.  However,  ferromag¬ 
netic  bridging,  by  definition,  suppresses  AFM  coupling,  and 
it  should  suppress  spin-dependent  GMR  effects  as  well. 
While  no  definitive  evidence  has  yet  been  presented  for  such 
a  mechanism,  the  scanning  tunneling  micrographs  of  de  la 
Figuera  et  a/.,10  showing  a  tendency  for  island  nucleation, 
graphically  illustrate  the  need  for  careful  growth  studies  as 
well  as  atomic-scale  structural  characterization. 

In  this  paper  we  present  an  alternative  description  of  the 
GMR  in  (111)  Co-Cu  MBE  samples.  Our  approach  is  based 
on  a  comparison  of  magnetotransport  and  magnetization 
measurements  on  a  series  of  carefully  grown  superlattices 
with  atomically  smooth  interfaces.  We  observe  what  appears 
to  be  a  new  type  of  GMR,  one  that  is  not  dependent  on  AFM 
coupling  and  is  operative  to  very  high  magnetic  fields.  In  the 
limit  of  atomically  smooth  interfaces,  our  results  suggest  that 
the  lowered  dimensionality  of  the  magnetic/nonmagnetic  in¬ 
terfaces  in  our  samples  is  the  key  factor  in  the  observed 
magnetotransport  behavior  rather  than  sample  defects. 

H.  SAMPLE  GROWTH  AND  CHARACTERIZATION 

The  samples  in  this  research  were  grown  by  MBE  on 
Ge-buffered  (110)  GaAs  substrates.  Buffer  layers  of  15  A 


(110)  bcc  Co,  followed  by  20  A  (III)  Au,  were  deposited  on 
the  Ge  to  initiate  layer-by-layer  superlattice  growth  in  the 

(111)  orientation.  The  superlattice  samples  typically  consist 
of  30  bilayers.  The  pressure  during  superlattice  growth  was 
<4x10" 10  mbar,  and  the  substrate  temperature  was  held  at 
150  °C.  Co  was  deposited  from  an  electron  beam  hearth  at 
rates  between  0.15  and  0.25  A/s,  and  Cu  from  a  Knudsen  cell 
at  a  rate  of  0.33  A/s.  The  thickness  variations  of  individual 
layers  of  Co  and  Cu  were  controlled  to  about  0.5  ML.  Details 
of  the  growth  are  described  in  a  previous  publication."  The 
growth  was  monitored  in  situ  by  reflection  high  eneigy  elec¬ 
tron  diffraction  (RHEED)  using  a  CCD  imaging  and  analysis 
system.12  X-ray  scattering  performed  after  growth  confirmed 
that  the  layer  stacking  was  fee  in  the  (111)  orientation." 

A  crucial  aspect  of  the  interface  characterization  in¬ 
volved  spin-echo  NMR  measurements  of  the  local  cobalt 
environment.13  Only  two  characteristic  NMR  peaks  were  ob¬ 
served,  one  of  which  corresponds  to  bulk  fee  Co  with  12  Co 
neighbors  and  the  other  to  interfacial  Co  having  three  Cu 
neighbors  (see  Fig.  1).  The  results  will  be  described  in  more 


F  (MHz) 


FIG.  1.  Co  spin-echo  NMR  spectra’4  at  7=2  K  in  a  Co-Cu  supertattice 
[Cot?. 5  MLVCuO  ML)]„,  The  interface  peak  has  been  magnified  by  a 
factor  of  10.  The  dashed  line  shows  the  contribution  of  the  15  A  bcc  Co 
buffer  layer. 
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FIG.  2.  Typical  cross-sectional  HRTEM  micrograph  along  a  [110]  azimuth 
of  [Co(7  ML)/Cu(3  ML)]*.  The  variation  in  contrast  along  the  growth 
direction,  which  is  obtained  by  defocusing  the  image,  corresponds  to  inter¬ 
ference  fringes  due  to  the  superiattke  periodicity,  as  indicated  by  the  arrows. 
Note  that  the  de focused  image  shown  here  still  exhibits  atomic  resolution, 
indicating  high  crystal  coherence.  The  horizontal  bar  corresponds  to  50  A. 
Inset:  the  HRTEM  image  over  a  larger  area.  The  horizontal  bar  corresponds 
to  100  A.  The  straight  horizontal  contrast  bands  indicate  flat  superlattice 
layers. 
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FIG.  3.  (a)  Ambient  temperature  magnetoresistance,  tf(i?)/7?(0),  vs  held 
(Tesla  1  for  a  [Co(7.5  ML)/Cu(5.5  MLlb  supcrlaltice.  The  dashed  line  is  a 
theoretical  fit  to  the  Langevin  function  described  in  the  text,  where  W-4H0 
and  0=0.194.  Inset:  low-field  MR  vs  field  dependence.  <b)  Magnetization 
curve  for  same  sample.  1400  emu/cm3.  Inset:  low -field  magnetization 
curve.  T-300  K. 


detail  in  a  separate  publication.14  They  provide  two  impor¬ 
tant  insights  on  the  microstructure  of  our  MBE  samples. 
First,  a  comparison  of  the  intensities  of  the  “bulk”  and  "in¬ 
terface"  NMR  peaks  shows  that  a  significant  area  of  the 
Co-Cu  interfaces  is  atomically  abrupt.  Second,  the  absence 
of  an  hep  stacking  “shoulder”13  on  the  high  frequency  side 
of  the  bulk  fee  peak  at  217  MHz  places  a  lower  limit  on  the 
stacking  coherence  of  our  samples.  Coherent  fee  stacking 
over  at  least  200  A  is  inferred  from  these  measurements.  The 
NMR  results  therefore  indicate  a  low  density  of  stacking 
faults.  This  is  contrary  to  the  island-growth  mechanism  pre¬ 
sented  by  Gradmann  el  a/.,8  where  one  would  expect  a  large 
concentration  of  stacking  faults. 

With  reference  to  the  STM  results10  mentioned  above, 
where  Co  growth  was  performed  at  an  ambient  temperature 
on  a  Cu(lll)  single  crystal  surface,  we  note  some  important 
differences  with  the  growth  of  our  samples.  The  main  differ¬ 
ence  is  that  in  our  samples  the  lattice  mismatch  (~1.8%)  is 
shared  between  the  (thin)  Cu  layers  and  the  Co  layers.  Nei¬ 
ther  layer  fully  relaxes  during  growth,  so  that  coherent  layer- 
by-layer  deposition  is  promoted.15  Also,  the  substrate  tem¬ 
perature  in  our  case  is  elevated  in  order  to  enhance  the 
surface  diffusion  of  the  incident  atoms.  We  find  much  im¬ 
proved  growth  compared  to  ambient  temperature  conditions. 

The  high  quality  of  our  MBE  samples  is  also  illustrated 
by  cross-sectional  high-resolution  transmission  electron  mi¬ 
croscopy  (HRTEM)  (see  Fig.  2).  Note  that  the  atomic  layeis 
are  coherent  over  several  hundred  A,  which  again  is  consis¬ 
tent  with  our  x-ray  diffraction  and  RHEED  experiments.  The 
flatness  and  continuity  of  the  layers  in  this  micrograph  does 


not  support  the  view  that  the  growth  of  (111  )-oriented 
samples  is  particularly  prone  to  pinhole  formation. 

The  MR  measurements  were  made  using  the  standard  dc 
four-point  probe  technique  with  the  field  applied  parallel  to 
the  current  (longitudinal  MR).  The  magnetization  was  mea¬ 
sured  in  a  commercial  SQUID  magnetometer  and  the  mea¬ 
sured  saturation  moments  are  within  10%  of  the  bulk  value 
for  Co.  Both  the  magnetization  and  MR  measurements  were 
made  for  fields  applied  in  the  growth  plane  along  the  [110] 
and  [112]  directions  of  the  superlattice.16 

III.  RESULTS  AND  DISCUSSION 

A.  Comparison  of  magnstizatlon  and 
msgnstoroslstancs 

Figure  3  compares  the  MR  for  a  [Co(7.5  ML)/Cu(5.5 
ML)]^  superlattice  with  its  magnetization  for  fields  applied 
along  the  [l  12]  direction.  Immediately  it  is  apparent  that  the 
magnetization  is  largely  saturated  by  500  Oe,  whereas  the 
MR  is  still  changing  significantly  at  50  000  Oe,  the  highest 
field  we  can  achieve  in  our  cryostat.  Moreover,  the  magneti¬ 
zation  is  clearly  ferromagnetic  in  character,  with  no  evidence 
for  a  flip-field  in  the  MR  curve,  such  as  is  seen  in  the  case  of 
AFM -coupled  Fe-Cr.7  In  what  follows  we  will  provide  an 
alternative  explanation  that  resolves  the  discrepancy  between 
the  different  saturation  behaviors  of  the  MR  and  the  bulk 
magnetization. 

The  field  dependence  of  the  MR  shown  in  Fig.  3(a)  can 
be  described  accurately  by  a  Langevin-like  saturation  fiinc- 
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FIG.  4.  Field  dependence  of  MR  at  two  different  temperatures  for  [Co<7.5 
ML)/Cu(5.5  ML)]^.  The  solid  lines  are  fits  to  the  Lange v in  function  de¬ 
scribed  in  the  text.  Inset:  the  number  of  con-clated  spins  as  a  function  of 
temperature. 


tion,  l-/Kcoth  nr- 1  la),  where  a-N)j.<yBlkBT,  j},  and  N  are 
fitting  parameters  and  pg  is  the  Bohr  magneton.  The  dashed 
line  in  Fig.  3(a)  is  a  fit  to  the  experimental  data  using  the 
Langcvin  function.  This  specific  field  dependence  suggests 
that  scattering  from  an  assemblage  of  paramagnetic  spins, 
mostly  likely  at  the  interfaces  between  Co  and  Cu  layers,  is 
responsible  for  the  GMR  in  our  samples.  We  note  here  that 
the  Cu  conduction  electron  band  becomes  partially  polarized 
in  proximity  to  the  Co  layers.17  Interfacial  “loose”  spins 
have  also  been  proposed  in  order  to  explain  the  origin  of 
biquadratic  coupling.18 

It  is  interesting  to  point  out  here  that  the  character  of  the 
paramagnetism  is  not  that  of  isolated  spins;  rather,  we  find 
that  there  are  substantial  correlations,  akin  to  a  superpara- 
magnetic  layer.  We  envision  the  paramagnetic  spin  arrange¬ 
ment  as  forming  small  patches  of  correlated  spins  of  size  JN. 
The  values  of  N  returned  by  the  Langevin  fit  at  ambient 
temperature  are  roughly  500,  falling  approximately  linearly 
toward  unity  at  T—0,  as  shown  in  Fig.  4.  The  enhanced 
exchange  interactions  between  the  interfacial  spins  and  the 
ferromagnetic  Co  spins  at  low  temperatures  perhaps  give  rise 
to  the  observed  decrease  of  N.  We  note  in  passing  that  these 
findings  make  contact  with  observations  of  GMR  in  annealed 
granular  Co-Cu  films.19  In  these  systems  the  field  depen¬ 
dence  of  the  GMR  is  also  Langevin-like,  presumably  reflect¬ 
ing  the  important  role  of  interface  states  in  these  systems  as 
well. 

The  field-dependent  MR  results  discussed  here  point  to  a 
new  mechanism  for  GMR  that  depends  on  the  scattering  as¬ 
sociated  with  interfacial  magnetic  states,  not  the  ferromag¬ 
netic  spins  in  the  Co  layers,  since  the  Co  layers  are  already 
fully  saturated  at  low  fields.  The  traditional  spin-dependent 
scattering  mechanism,  as  it  has  been  discussed  previously  in 
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FIG.  5.  Scaling  behavior  of  maguetorticnaopower  and  magnetoreststance  at 
various  temperatures  for  [Co15  x/Cu,0 


the  context  of  AFM  coupling,  is  not  present  in  the  results 
discussed  here,  since  it  requires  one-to-one  correlation  be¬ 
tween  MR  and  magnetization  of  the  magnetic  layer. 

In  light  of  the  above  discussion,  what  are  the  conse¬ 
quences  for  interlayer  coupling?  Due  to  enhanced  scattering 
by  the  interfacial  paramagnetic  layers,  the  exchange  interac¬ 
tions  between  the  neighboring  magnetic  Co  layers  are  sig¬ 
nificantly  weakened.  Our  results  also  reveal  that  atomically 
“rougher”  interfaces  ‘i.e..  samples  showing  broadened 
RHEED  streak,  indicative  of  short  in-plane  coherence)  have 
decreased  values  of  the  high-field  MR.  These  studies  are 
preliminary  at  this  point,  and  a  fuller  account  will  be  re¬ 
ported  in  a  subsequent  publication.  In  the  context  of  rough¬ 
ness,  one  can  envisage  regions  of  the  sample  that  have 
smooth  terraces,  together  with  regions  where  islands  have 
nucleated  (e.g.,  Stranslu-Krastanov  growth).  This  may  ex¬ 
plain  the  observation  of  mixed  coupling  in  recent  polarized 
neutron  scattering  measurements4  on  (111)  Co-Cu  superlat¬ 
tices  grown  on  sapphire. 


B.  Mwgnetothnrmopowor  meaaummanta 

In  order  to  shed  further  light  on  the  origin  of  the  GMR  in 
these  superlattices,  we  have  carried  out  a  study  of  the  mag¬ 
netothermopower  as  a  probe  of  spin-dependent  density  of 
states  effects.20  While  the  MR  shows  no  apparent  depen¬ 
dence  on  the  Co  magnetization  (see  Fig.  3),  our  measure¬ 
ments  reveal  a  clear  scaling  relationship  with  the  ther¬ 
mopower  at  temperatures  where  diffusion  thermopower  is 
dominant  (T>50  K).  Figure  5  illustrates  the  scaling,  which  is 
of  the  form  S(//)/7’~p„(0)/pXI(W).  Scattering  of  conduc¬ 
tion  electrons  due  to  the  spin-dependent  density  of  states  of 
the  unfilled  d  bands  at  the  Fermi  level  leads  to  precisely  this 
form  of  scaling.20  A  more  detailed  account  of  this  work  is 
presented  in  a  separate  publication.21 
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Thickness  of  Cu  Spocer  (ML) 

FIG.  6.  Spacer  layer  thickness  dependence  of  MR  for  Co-Cu  (111)  super¬ 
lattices  (•,  this  work;  O,  Hall  et  oL22).  T-S  K.  The  solid  line  is  a  fit  to  the 
1/tc,  dependence  discussed  in  the  text. 

C.  Dependence  of  GMR  on  Cu  layer  tMcfcnaaa 

Oscillations  in  the  GMR  as  a  function  of  nonmagnetic 
spacer  layer  thickness  are  often  taken  as  a  signature  of  anti- 
ferromagnetic  exchange  coupling.  In  the  present  work  we 
have  argued  that  the  GMR  in  our  samples  originates  not  from 
AFM  coupling,  but  from  interfacia]  states  that  are  spin  de 
pendent.  We  should  not  then  expect  to  see  oscillatory  GMR 
behavior,  but  rather  a  monotonic  decrease  of  the  spin- 
dependent  interface  scattering  contribution  as  the  spacer 
layer  thickness  increases.  This  is  precisely  what  we  observe. 
Our  MR  data  plotted  in  Fig.  6,  along  with  previously  pub¬ 
lished  results22  on  MBE  samples  also  grown  on  (110)  GaAs 
substrates,  show  a  l/rCu  thickness  dependence  consistent 
with  the  dominant  role  of  the  interfaces  in  these  samples.  It 
is  interesting  that  the  monotonic  increase  of  MR  is  truncated 
abruptly  at  a  spacer  layer  thickness  of  approximately  5  A 
(~2  ML).  This  thickness  corresponds  to  a  layer  structure  in 
which  each  Cu  atomic  layer  is  in  atomically  close  proximity 
to  Co.  In  this  case,  the  MR  falls  to  normal  bujk-like  values, 
suggesting  that  the  spin-dependent  density  of  states  effects 
are  quenched  in  the  limit  of  very  thin  spacer  layers. 

IV.  SUMMARY 

We  have  demonstrated  what  we  believe  is  a  new  type  of 
high  field  MR  mechanism,  which  results  from  scattering  of 
conduction  electrons  from  paramagnetic  Co-Cu  interfaces. 
Our  observations  call  for  a  more  thorough  treatment  of  the 
band  offsets  at  the  interfaces,  including  s-d  hybridization, 
and  for  a  better  understanding  of  the  interfacial  scattering  of 
the  conduction  electrons.  We  hope  that  our  results  will  stimu 
late  additional  theoretical  work  in  this  area. 
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Structural  disorder  has  teen  systematically  introduced  in  an  [Fe(30  A)/Cr(17  A)]10  superlattice  to 
investigate  its  effects  on  the  magnetization  profile.  Low  angle  x-ray  and  neutron  scattering  results 
indicate  progressive  structural  degradation  in  samples  produced  with  increased  argon  pressure  (3,  6, 
and  12  mTorr).  The  x-ray  spectra  from  the  more  disordered  samples  are  characterized  by  a  decreased 
intensity  and  increased  linewidth  of  the  superlattice  Bragg  peaks,  along  with  a  systematic 
disappearance  of  the  finite  size  intensity  oscillations.  Elastic,  polarized,  low  angle,  neutron 
reflectivity  data  exhibit  decreasing  superlattice  Bragg  intensities  and  increasing  linewidths, 
indicating  increased  disorder  in  agreement  with  x-ray  data.  Antiferromagnetic  alignment  of  adjacent 
Fe  layers  is  inferred  by  the  appearance  of  magnetic  peaks  between  the  structural  peaks  and  by  the 
lack  of  magnetic  contribution  to  the  structural  superlattice  peaks.  Interestingly,  the  magnetic 
superlattice  peak  does  not  exhibit  appreciable  degradation  with  increasing  disorder  in  the  structure, 
indicating  a  magnetic  coherence  length  significantly  greater  than  that  of  the  chemical  superlattice 
structure. 


INTRODUCTION 

Magnetic  multilayer  materials  are  proving  fruitful  in 
both  technological  and  fundamental  arenas.  This  is  perhaps 
most  readily  exemplified  in  magnetic/nonmagnetic  multilay¬ 
ers  in  which  large  magnetotransport  effects  are  observed  in  a 
wide  range  of  systems,  which  also  exhibit  magnetic  inter¬ 
layer  coupling.'  An  understanding  of  the  role  played  by  su¬ 
perlattice  structure  in  determining  the  magnetic  and  transport 
properties  is  essential,  and  is  the  subject  of  considerable 
theoretical  and  experimental  investigation.  Degree  of  epitaxy 
and  varying  crystalline  orientation  are  examples  of  param¬ 
eters  varied  in  probing  structural  dependences.  Neutron  scat¬ 
tering  has  been  utilized  by  others  in  structural  investigations 
of  Fe/Cr,2  but  not  to  probe  systems  wherein  roughness  is  a 
controlled  parameter.  Recently,  a  significant  correlation  was 
shown  between  the  size  of  magnetoresistance  and  structural 
disorder,  by  systematically  increasing  and  characterizing  the 
superlattice  disorder  in  Fe/Cr  multilayers.3  As  an  extension 
of  this  approach,  the  present  investigation  characterizes  the 
magnetization  profile  as  a  function  of  structural  disorder  in 
the  Fe/Cr  system.  Results  indicate  a  magnetic  multilayer  pro¬ 
file  that  is  essentially  independent  of  structural  disorder  over 
the  ranges  investigated. 

EXPERIMENTAL  DETAILS  AND  ANALYSIS 
TECHNIQUES 

Fe(30  A)/Cr(17  A)  multilayer  samples  were  prepared  on 
[100]  Si  substrates  by  dc  sputtering  in  an  Ar  atmosphere. 
System  base  pressure  was  less  than  2X10”7  Torn  First  Fe, 
then  Cr  was  deposited,  forming  a  bilayer  structure  that  was 
repeated  ten  times  for  each  sample.  Structural  disorder  was 
introduced  by  increasing  the  Ar  pressure  during  sputtering 
from  3  to  12  mTorr.  Both  high  and  low  angle  x-ray  (Cu,  Ka, 
A = 1 .54  A)  measurements  were  performed  on  each  sample. 
Low  angle  diffuse  scattering  contributions  were  accounted 
for  by  repeating  the  specular  scans  with  the  sample  rotated 


0.1°  away  from  the  superlattice  Bragg  condition  and  sub¬ 
tracting  from  the  specular  scans.  Superlattice  structural  infor¬ 
mation  is  obtained  by  fitting  the  specular  low  angle  spectra 
to  a  classical  optics  model,4  where  each  layer  is  assigned  a 
thickness  and  scattering  density,  and  has  an  associated  inter- 
facially  mixed  region.  Polarized,  low  angle  neutron  (k=2.37 
A)  reflectivity  measurements  were  also  performed,  providing 
additional  structural  information  and  characterization  of  the 
multilayer  magnetic  profile.  Polarized  neutrons  have  histori¬ 
cally  been  used,  at  the  atomic  level  (and  therefore  high  scat¬ 
tering  angles),  to  extract  the  magnetic  contribution  from  a 
combined  nuclear/magnetic  scattering  amplitude.  Recently,5'6 
the  technique  has  been  applied  to  layered  structures,  operat¬ 
ing  in  the  low  angle  regime,  to  characterize  the  superlattice 
magnetization  profile  and  chemical  modulation.  A  small 
quantization  field,  H=14  Oe  is  applied  in  the  plane  of  the 
film,  following  ex  situ  application  of  200  Oe  in  the  same 
direction.  The  scattering  vector  is  normal  to  the  film  plane. 
Assuming  an  in-plane  magnetization  (appropriate  for  Fe/Cr), 
one  can  realize  two  scattering  processes-spin  flip  (SF)  and 
non-spin  flip  (NSF) — each  with  two  channels:  (— +)  and 
(+-)  in  the  SF  and  (++)  and  ( — )  in  the  NSF,  where  the 
states  refer  to  the  spin  polarization  of  the  incoming  and  re¬ 
flected  neutrons,  respectively.  The  SF  process  refers  to  scat¬ 
tering  from  a  component  of  the  magnetization  M  normal  to 
H,  whereas  NSF  scattering  arises  from  components  of  M 
along  H  and  from  the  nuclei.  The  scattering  intensities  from 
the  two  SF  channels  will  be  identical,  but  the  NSF  (++) 
intensity  is  derived  from  the  sum  of  the  magnetic  and  nuclear 
scattering  amplitudes,  whereas  the  ( — )  intensity  arises 
from  their  difference.  Low  angle  neutron  spectra  are  also 
analyzed  according  to  a  classical  optics  model,  utilizing  the 
same  fitting  approach  as  for  the  x  rays. 

RESULTS  AND  DISCUSSION 

Low  angle  x-ray  spectra  for  samples  prepared  with  in¬ 
creasing  Ar  pressure  are  shown  in  Fig.  1.  The  sample  sput- 
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FIG.  I.  Low  angie  x-ray  spectra  for  [Fe(30A)/Cr(  17  A)}i0  samples  prepared 
at  various  Ar  sputtering  pressures. 


tered  at  4  mTort  exhibits  superlattice  Bragg  peaks  out  to 
fourth  order  (the  third  order  is  suppressed,  owing  to  the  ap¬ 
proximate  2:1  thickness  ratio  of  the  bilayer  components), 
indicating  square  wave  chemical  modulation.  In  addition, 
short  period,  finite  size  peaks,  (interference  from  the  top  and 
bottom  of  the  aggregate  bilayer  stack)  are  evident  throughout 
the  spectrum,  attesting  to  uniform  film  thickness.  These  spec¬ 
tral  features  degrade  with  increasing  Ar  sputtering  pressure. 
The  finite  size  peaks  become  much  less  pronounced  and  less 
extended  in  Q  space,  indicating  decreasing  uniformity  in  the 
overall  film  thickness.  The  superlattice  Bragg  peaks  exhibit 
progressively  weaker  higher-order  amplitudes  and  increasing 


linewidths.  One  may  be  tempted  to  conclude,  based  upon  the 
disappearance  of  higher-order  amplitudes,  that  the  samples 
are  increasingly  characterized  by  interfacial  interdiffusioo. 
However,  interdiffusion  alone  will  not  increase  linewidths 
nor  depress  the  finite  size  peak  structure.  Rather,  these  latter 
effects  are  known  to  arise  from  cumulative  random  varia¬ 
tions  in  layer  thiel  <  superimpose  wavelike 

modulations  on  the  acture.  Such  fluctuations 

would  also  give  rise  to  apparent  interdiffusion  as  they  are 
averaged  over  the  lateral  coherence  length  (>  1000  A)  of  the 
low  angle  x  rays,  producing  the  observed  broadening  of  the 
higher-order  Bragg  peaks.  The  present  optic  model  used  to 
extract  structural  information  treats  thickness  fluctuations  in 
the  simplest  sense — layers  are  assumed  flat  but  their  thick¬ 
nesses  are  adjustable.  In  order  to  produce  the  increase  in 
linewidth  observed  in  going  from  the  4  to  12  mTort  sample, 
the  Cr  layer  thicknesses  went  from  100%  rCr=  17  A  (and 
Fe/Cr  intermixing  of  4  A)  to  50%  rc,=  18.6  X,  25%  each  of 
rCl=17.4  and  20.1  A  (again  Fe/Cr  intermixing  of  4  A).  A 
more  complex  model  of  the  layer  thickness  fluctuations  may 
be  useful  for  explaining  details  of  the  spectra,  however,  this 
simple  approach  reproduces  the  measured  data  adequately 
for  the  present  discussion. 

The  high  angle  x-ray  spectra  are  essentially  indistin- 
quishable  for  the  samples  shown  in  Fig.  1.  All  films  exhibit  a 
predominant  bcc  (110)  orientation  with  linewidths,  indicative 
of  approximately  130  A  grain  sizes.  Owing  to  the  similar 
scattering  strengths  of  Fe  and  Cr,  only  weak  superlattice  sat¬ 
ellites  are  observed  at  high  angle,  however,  these  provide 
some  indication  of  the  interfacia)  mixing  on  the  atomic  scale. 
The  fact  that  the  “smoothest”  through  the  “roughest” 
samples  show  the  same  high  angle  pattern,  yet  differ  so 
greatly  in  low  angle,  indicates  that  the  roughness  induced  is 
on  a  length  scale  much  greater  than  the  interatomic  spacing, 
but  less  than  the  coherence  length  of  the  x-ray  beam. 

Low  angle  polarized  neutron  spectra  are  shown  in  Fig.  2. 
The  NSF  peaks  seen  at  approximately  0.14  A-1  correspond 
to  the  first-order  superlattice  Bragg  peaks  seen  in  the  x-ray 
spectra.  No  difference  is  observed  in  these  (  +  +)  and  ( — ) 
intensities,  indicating  no  magnetic  component  to  the  scatter¬ 
ing  amplitude,  and  therefore  ruling  out  ferromagnetic  align¬ 
ment  of  adjacent  Fe  layers.  The  half-order  (0.07  A”1)  NSF 
peaks  again  show  no  difference  in  the  (++)  and  ( — )  in¬ 
tensities.  However,  based  upon  the  x-ray  spectra  (no  Bragg 
peak),  one  assumes  only  magnetic  scattering,  which  arises 
from  antiferromagnetically  aligned  adjacent  Fe  layers.  Half¬ 
order  peaks  are  also  observed  in  SF  scattering,  indicating 
that  either  the  Fe  sublattice  magnetization  makes  an  angle 
with  respect  to  the  applied  quantizing  field,  H,  or  that  there 
exist  AF  domains  parallel  and  perpendicular  to  H.  As  with 
the  x  rays,  the  neutrons  show  a  degradation  of  the  chemical 
superlattice  structure  with  increasing  Ar  pressure.  The  NSF 
AF  peak  also  decreases  in  intensity  with  increasing  sample 
roughness,  however,  the  SF  AF  peak  changes  very  little  dur¬ 
ing  the  roughening  process. 

How  can  we  understand  a  system  where  the  magnetic 
structure  persists  in  the  face  of  degrading  chemical  superlat¬ 
tice  structure?  As  evidenced  by  the  decrease,  with  roughness, 
in  NSF  magnetic  scattering,  while  the  SF  remains  essentially 
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FIG.  2.  Low  angle  polarized  neutron  spectra  for  (Fe(30  A/.'Crf !  7  A)J,0 
samples  prepared  at  various  Ar  sputtering  pressures.  Open  diamonds  and 
closed  diamonds  represent  the  two  NSF  (  +  +}  and  (— — )  scattering  chan¬ 
nels,  respectively,  whereas  both  SF  (— +)  and  (+— )  channels  are  repre¬ 
sented  by  dosed  squares. 

constant,  the  Fe  layer  superlattice  becomes  less  ordered.  This 
is  consistent  with  magnetization  measurements,2  where  the 
remnant  moment  is  much  larger  in  the  rougher  sample,  indi¬ 
cating  a  decrease  in  the  AF  coupled  component,  but  would 
require  alignment  without  spatial  coherence  among  the  fer¬ 
romagnetic  component  comprising  the  remnant.  It  is  not  hard 
to  imagine  random  layer  thickness  fluctuations  producing 
such  a  remnant.  Why  is  the  half-order  magnetic  peak  re¬ 
tained  in  the  SF  component,  but  not  the  NSF?  In  the  absence 
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of  in-plane  anisotropy,  the  initial  response  of  a  simple  AF 
structure  is  for  each  sublattice  to  align  perpendicular  to  an 
applied  held.  This  arrangement  would  give  rise  to  half-order 
peaks  in  the  SF  but  not  the  NSF  spectra.  Therefore  one  pos¬ 
sibility  here  is  that  an  in-plane  ansotropy  exists  in  the 
smoother  sample,  which  disappears  in  the  rougher.  On  the 
other  hand,  if  the  NSF  and  SF  components  in  the  smoother 
sample  arise  from  AF  domains  with  distributed  orientations, 
then  the  coercive  field  must  be  reduced  with  increasing 
roughness.  Finally,  why  is  the  SF  AF  peak  affected  so  little 
by  roughening?  In  the  smooth  samples,  an  AF  component  is 
pinned  parallel  to  H,  presumably  by  some  in-plane  anisot¬ 
ropy.  With  roughening,  the  spatially  coherent  AF  volume 
fraction  decreases  (declining  total  AF  scattered  intensity), 
but  this  is  accompanied  by  an  apparent  decrease  in  pinning 
strength  (disappearance  of  the  NSF  AF  scattering).  Therefore 
the  data  would  suggest  a  compensation  process,  wherein  the 
AF  component  normal  to  the  held  is  degraded  by  the  de¬ 
creasing  coherent  AF  volume  fraction,  but  is  enhanced  as  a 
larger  portion  of  that  fraction  orients  normal  to  that  held. 

Addressing  more  precisely  the  relationship  between  the 
magnetic  multilayer  profile  and  structural  disorder  will  re¬ 
quire  careful  analysis  of  diffuse  as  well  as  specular  scattering 
components  of  both  x  rays  and  neutrons.8 

However,  the  most  striking  feature  of  the  neutron  data  is 
the  persistance  of  a  coherent  magnetic  scattering  in  the  face 
of  greatly  degraded  chemical  superlattice  scattering.  This, 
interestingly,  implies  a  magnetic  coherence  length  signifi¬ 
cantly  greater  than  that  of  the  chemical  superlattice. 
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Temperature  dependence  of  the  exchange  coupling  In  the  Fe{001) 
whisker/11  ML  Cr/20  ML  Fe  structure 
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The  exchange  coupling  between  iron  layers  separated  by  11  monolayers  (ML)  of  Cri 001)  has  been 
investigated  using  a  structure  in  which  the  Cr(001)  was  grown  on  a  bulk  iron  whisker  Fe(001) 
surface  at  a  temperature  of  approximately  300  °C.  This  temperature  was  selected  to  produce  near 
optimum  smoothness  of  the  Cr  layer.  The  Cr(001)  deposition  was  followed  by  the  deposition  of  20 
ML  of  Fe(001)  at  room  temperature,  and  by  the  deposition  of  a  20  ML  Au(001)  protective  layer.  The 
frequencies  corresponding  to  the  magnetic  excitations  in  this  structure  were  measured  by  means  of 
BriUouin  light  scattering  (BLS).  One  of  the  observed  frequencies  corresponds  to  a  surface  mode  in 
the  bulk  iron  whisker.  Another  observed  frequency  corresponds  to  the  lowest  lying  precessional 
mode  of  the  magnetization  in  the  20  ML  thick  Fe(001)  thin  film.  Typically,  the  thin  film  frequency 
exhibits  a  dependence  on  applied  magnetic  field  that  displays  two  cusps.  The  positions  of  the  cusps 
are  dependent  on  the  exchange  coupling  between  the  20  ML  Fe  film  and  the  bulk  iron  substrate.  The 
surface  mode  frequency  increases  monotonically  with  increasing  field  over  most  of  the  field  range 
investigated.  However,  at  the  field  corresponding  to  the  low  field  cusp  in  the  thin  film  frequency,  the 
surface  mode  frequency  undergoes  an  abrupt  jump  in  magnitude.  We  have  used  the  position  of  the 
cusps  in  the  thin  film  data  to  deduce  values  for  the  bilinear,  J,,  and  biquadratic,  J2,  coupling  terms, 
where  'he  coupling  energy  is  written  in  the  form  EAB=  -J,  cos cos2(Ac£);  A 4>  is  the  angle 
between  the  thin  film  and  bulk  iron  magnetizations.  Measurements  of  Jt  and  J2  have  been  carried 
out  at  six  temperatures  that  span  the  range  100-350  K.  Both  J,  and  J2  are  found  to  depend  strongly 
on  temperature.  The  data  are  well  described  by  the  quadratic  expression  J2=  -0.54+ 1.46 
x|y,|  — 0.52XJ,2,  where  J,  and  J2  are  expressed  in  erg/cm2.  The  large  nonzero  intercept  and  the 
linear  term  probably  imply  a  significant  intrinsic  contribution  to  the  biquadratic  exchange. 


INTRODUCTION 

Phenomenologically,  the  coupling  energy  between  two 
iron  layers  separated  by  a  nonferromagnetic  spacer  layer  can 
be  written1'3  as 

E„a=  -J,  cos(A tfi)+S2  cos3(A<jl),  (1) 

where  J,  and  J2  are  the  bilinear  and  biquadratic  coupling 
parameters  and  A 4>  is  the  angle  between  the  magnetizations 
of  the  two  films.  It  is  a  well-established  experimental  fact 
that  both  J,  and  J2  oscillate  as  a  function  of  the  spacer 
thickness.4  Numerous  mechanisms  have  been  proposed, 
which  explain  many  of  the  features  of  these  oscillations. 

However,  detailed  tests  of  these  theories  with  respect  to 
the  temperature  dependence  of  the  coupling  parameters  are 
still  needed.  Much  interest  was  generated  when 
Slonczewski5  showed  that  J2  might  arise  simply  from  varia¬ 
tions,  Af,  in  Jj  due  to  a  fluctuating  thickness  of  the  spacer 
layer.  According  to  the  Slonczewski  theory,  J2  is  propor¬ 
tional  to  (A/)2.  If  the  magnitude  of  AJ  scales  with  if,|,  then 
one  would  expect  J2  to  be  proportional  to  /f.  We  propose,  in 
the  present  work,  to  test  the  origin  of  the  observed  biqua¬ 
dratic  exchange  coupling  term  by  making  measurements  of 
the  coupling  parameters  as  a  function  of  temperature. 

We  have  previously  reported4  data  on  the  dependence  of 
the  exchange  coupling  parameters  on  spacer  thickness  in  the 
system  Fe  Whisker/Cr/Fe(001).  It  has  been  demonstrated  that 
the  Fe  Whisker/Cr/Fe  system  exhibits  a  well-defined  short 
wavelength  oscillatory  exchange.6  The  extremely  flat  surface 
of  the  whisker  ensures  that  the  effects  of  interface  roughness 
are  kept  to  a  minimum.  In  the  present  work  we  extend  our 
recent  room  temperature  study  of  the  Fe  Whisker/Cr/Fe  sys¬ 


tem  to  the  temperature  dependence  of  the  Fe  Wbisker/11  ML 
Cr/Fe  structure.  The  particular  spacer  thickness  of  11  ML  of 
Cr  (i.e.,  15.8  A  of  Cr)  was  chosen  because  this  corresponds 
to  a  maximum  in  antiferromagnetic  coupling.  Thus  tempera¬ 
ture  effects,  if  present,  were  expected  to  be  large. 

EXPERIMENTAL  DETAILS 

The  composition  of  the  specimen  used  in  our  study  was 
Fe  Whisker(001)/ll  ML  Cr/20  ML  Fe/20  ML  Au;  1  ML  of 
Cr  corresponds  to  1.44  A  and  1  ML  of  Fe  corresponds  to 
1.43  A.  The  specimen  was  prepared  in  a  PHI-400  MBE  sys¬ 
tem  equipped  with  a  reflection  high  energy  electron  diffrac¬ 
tion  apparatus  (RHEED).  Details  of  the  whisker  substrate 
preparation,  and  a  description  of  RHEED  patterns  corre¬ 
sponding  to  optimum  growth  conditions  have  been  given 
elsewhere.4  The  best  of  the  specimens  available  to  us  exhib¬ 
ited  RHEED  patterns,  which  indicated  a  good  Cr  growth  but 
a  growth  at  slightly  less  than  optimum  conditions  (see  Fig. 
1).  The  quality  of  the  Cr  growth  is  very  sensitive  to  the 
substrate  temperature.  For  optimum  growth  conditions  the 
amplitude  of  the  RHEED  oscillations  would  be  stronger  than 
those  shown  in  Fig.  1(a),  and  after  the  deposition  of  three 
monolayers  the  oscillations  amplitudes  corresponding  to  the 
maxima  and  minima  would  not  change  with  time.  The  width 
of  the  specular  diffraction  spot.  Fig.  1(b)  alternates  between 
a  relatively  narrow  peak,  corresponding  to  a  filled  layer,  and 
a  broader  peak,  corresponding  to  a  half-filled  layer  (see  Fig. 
1  of  Ref.  4).  The  specular  spot  width  corresponding  to  a 
filled  layer  was  observed  to  be  broader  than  the  specular  spot 
observed  for  the  bare  whisker;  this  indicates  that  the  Cr  ter¬ 
races  were  not  as  large  as  the  substrate  terraces  (>1  pm). 
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FIG.  1.  (a)  Reflection  High  Energy  Electron  Diffraction  (RHHED)  intensity 
oscillations  measured  at  the  specular  spot  during  the  Cr  growth  for  an  inci¬ 
dent  angle  corresponding  to  the  second  anti-Bragg  condition,  (b)  The  full 
width  at  half-maximum  (FWHM)  obtained  from  line  scans  across  the  specu¬ 
lar  RHEED  spot  during  the  Cr  growth.  The  increase  of  FWHM  with  increas¬ 
ing  Cr  thickness,  as  well  as  the  decreasing  peak-to-peak  amplitudes  of  the 
RHEED  oscillations  indicate  that  the  growth  conditions  for  the  Cr  were 
good,  but  not  optimal.  The  splitting  of  the  first  peak  shown  in  Fig.  1(b)  is  an 
artifact  introduced  by  the  data  collection  system. 


The  specimen  was  loosely  clamped  at  a  single  point  to  a 
cold  linger  (at  77  K)  inside  a  cryostat  evacuated  to  a  pressure 
of  approximately  10~!  Tonr.  We  chose  this  mc'uvjd  of  mount¬ 
ing  to  eliminate  temperature-dependent  stresses  in  the  speci¬ 
men.  The  distance  between  the  laser  spot  and  the  clamp  was 
large  enough  (about  8  mm)  and  the  cross  section  of  the  whis¬ 
ker  small  enough  (about  0.1  mm2)  that  relatively  modest  «- 
cident  light  powers  were  sufficient  to  cause  significant  local 
heating  of  the  specimen.  The  specimen  was  also  measured  in 
air  at  ambient  temperature  and  pressure  using  a  relatively 
small  laser  power  (100  mW).  The  positions  of  the  cusps  at 
300  K  provided  a  benchmark  that  enabled  us  to  deduce  that 
500  mW  of  incident  power  on  the  vacuum  isolated  -pecimen 
was  required  to  raise  the  local  temperature  at  the  laser  light 
spot  to  300  K.  To  estimate  the  spot  temperature  at  other 
powers,  we  used  the  linear  interpolation: 

T=77+(300-77)/500X/>,  (2) 

where  T  is  the  temperature  in  K  and  P  is  the  power  in  mW. 

Bnllouin  light  scattering  (BLS)  measurements  were  car¬ 
ried  out  using  the  green  line  from  an  Argon  ion  laser  (\ 
=5145  A).  The  light  scattered  by  the  sample  was  analyzed 
using  a  Sandercock7  tandem  interferometer  in  a  4+2  pass 
configuration  and  a  free  spectral  range  of  70  GHz.  This  rela¬ 
tively  large  free  spectral  range  was  convenient  because  it 
enabled  the  surface  mode  to  be  measured  for  all  magretic 
fields  up  to  a  maximum  of  10  kOe.  The  free  spectra)  range 
was  divided  into  256  channels  and  data  were  collected  for  a 
total  of  approximately  one  second  per  channel.  The  fre¬ 
quency  of  a  spectral  feature  w.s  calculated  from  the  centroid 
of  the  data  contained  within  ±5  channels  of  the  estimated 
peak  position.  A  polarizing  beam  cube  was  used  to  block 
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FIG.  2.  The  magnetic  field  dependence  observed  for  the  surface  mode  fre¬ 
quencies  (A)  and  the  thin  film  frequencies  (O,#)  for  the  Fe 
Whiakcr(001)/ll  ML  Cr(001)/20  ML  Fe(001)  specimen  used  to  measure  the 
temperature  dependence  of  the  bilinear  and  biquadratic  coupling  terms.  The 
data  were  obtained  for  a  free-standing  specimen  in  air  using  300  mW  of 
5145  A  argon  ion  User  light.  The  open  circles  denote  downshifted  frequen¬ 
cies.  The  filled  circles  denote  upshifted  frequencies.  (The  surface  mode  fre¬ 
quency  is  downshifted.)  The  intensity  ratio  of  upshifted  to  downshifted  light 
was  found  to  be  strongly  field  dependent.  The  cusps  at  Ht  and  H2  and  the 
discontinuity  at  Hst4  are  a  signature  of  antiferromagnetic  coupling  between 
the  thin  film  and  bulk. 


scattered  light  having  the  same  polarization  as  the  incident 
light.  Magnon  frequencies  were  measured  as  a  function  of 
applied  magnetic  field  at  six  different  incident  light  powers. 
The  signals  were  rather  noisy  because  of  stray  light  scattered 
by  the  cryostat  windows  and  because  of  small  sample  vibra¬ 
tion-.  caused  by  the  boiling  of  the  liquid  nitrogen  used  to  cool 
the  cold  finger. 

RESULTS  AND  DISCUSSION 

Figure  2  shows  the  dependencies  of  the  surface  mode 
and  thin  film  frequencies  on  the  applied  magnetic  field.  As 
discussed  in  our  previous  paper,4  the  prominent  cusp-like 
features  are  a  signature  of  the  amiferromagnetic  coupling 
between  the  iron  thin  film  and  the  bulk.  Roughly  speaking, 
the  latger  the  cusp  fields,  Ht  and  H2,  the  greater  is  the  anti- 
ferromagnetic  coupling.  An  interesting  feature  of  our  data 
that  has  not  previously  been  reported  is  the  sudden  change  in 
the  surface  mode  frequency  at  the  field  , .  This  sharp 

drop  in  frequency  with  a  slight  increase  in  magnetic  field  at 
or  near  Hj  has  been  observed  in  all  cases  in  which  the  thin 
film  and  the  bulk  substrate  are  antiferromagnetically 
coupled. 

In  order  to  deduce  the  coupling  parameters,  J,  and  J2, 
from  the  positions  of  the  cusps  in  the  thin  film  frequency 
data,  we  used  a  calculation,8  which  allows  for  the  possibility 
of  a  spatial  variation  in  the  magnetization  direction  in  both 
the  thin  film  and  in  the  bulk.  As  such,  it  is  superior  to  the 
calculation  we  used  in  our  earlier  study  of  the  dependence  of 
exchange  coupling  on  spacer  thickness.4  In  both  calculations 
we  assumed  that  the  magnetizations  rotated  in  the  plane  de¬ 
fined  by  the  substrate  surface;  the  bulk  —3  'hin  film  magne¬ 
tizations  are  constrained  to  remain  ne  by  the  de¬ 

magnetizing  field  energy.  The  results  Jr  sent  work  are 


6182  J.  App I.  Phys.,  Vot.  75.  No.  to.  15  May  1994 


I  '  .51 


TABLE  1.  Ui\  and  J2  as  » fnnctioo  of  tenroeraure  to  to  specunca  Ft  WtotofOOiyu  ML  Zxfi 0  ML  (W20 
ML  Ail  Thcae  parameters  wen  obtained  ffjtn  to  values  of  to  cusp  ftrith,  H ,  and  Hlt  using  a  cranpuirr 
calculataon  (ace  Ref.  8).  Thu  calculation  aUowa  to  a  spatial  variation  of  to  ngnrtrruioe  chrecnoa  is  both  to 
tos  ins  film  and  to  bulk.  H  uaea  temperature-dependent  values  to  to  aabiiafinu  nugneriantioa  and  first-order 
cubic  anisotropy  constant  taken  bom  to  wait  of  Eacudier.’ 


Temperature 

<K) 

Hi 

(kOe) 

H, 

(kOe) 

w  . 

(erg  stem3) 

Jt 

(erg  Wan3! 

i/.t/A 

120 

1.00  ±0.20 

63  ±0.2 

1.24  ±0.02 

0.47±0.02 

2.64 

170 

0.75  ±0.20 

53  ±0.2 

1.04  ±0.06 

0.44  ±0.04 

236 

210 

0.75  ±0.20 

4.0±0J 

088±0.06 

034±0JJ3 

2.59 

250 

0.75  ±0  JO 

3.0±0J 

0.75  ±0.04 

0.26  ±0.04 

2.88 

300 

0.75  ±0  JO 

20  ±0.2 

0.61  ±0.04 

0.16  ±0.04 

3.82 

340 

0.75  ±0.20 

1.7-MJJ 

039  ±0.07 

0.15  ±0.02 

3.93 

summarized  in  Table  I.  The  analyses  of  Table  I  used 
temperature-dependent  values  for  the  saturation  magnetiza¬ 
tion  and  first-order  cubic  anisotropy  parameter  of  iron  taken 
from  the  work  of  Escudier.9 

Figure  3  presents  the  coupling  parameter  data  of  Table  I. 
In  Fig.  3(a),  both  [It\  and  J2  are  seen  to  decrease  monotoni- 
cally  with  temperature.  Figure  3(b)  is  a  plot  of  J2  against  J , . 
The  dashed  line  in  this  figure  is  the  best  fit  of  a  quadratic 
function  to  the  data.  The  fitting  equation  is 

^2=  —0.54  + 1.46  x|J,  |  —  0.52  X7]2,  (3) 

where  /,  and  Jz  are  both  expressed  in  erg/cm2. 


FIG.  3.  Data  bom  Table  n.  (a)  |/]j  and  J2  aa  a  function  of  temperature,  (b) 
J  j  as  a  function  of  J ,[.  The  dashed  line  abowa  to  best  fit  of  a  quadratic  to 
to  data.  The  fitting  funetjoo  is  ,/2=-0.54+1.46x|7,|-0.52x.f13.  A 
possible  origin  of  to  tern  in  J*  is  to  Sloncarwski  surface  roughness 
mechanism.  The  large  linear  contribution  to  to  fitting  function  is  a  signature 
of  an  intrinsic  source  of  biquadratic  exchange.  The  error  bars  shown  have 
been  calculated,  assuming  an  uncertainty  of  20.2  kOe  in  to  values  of  to 
cusp  fields  H\  and  H2. 


Although  Eq.  (3)  does  contain  a  term  proportional  toi,2, 
the  dominant  contribution  loJ2  is  linear  in  J , .  This  observa¬ 
tion  is  consistent  with  the  results,  of  measurements  on  the 
Fe/Cu/Fe(001)  and  the  Fe/Ag/Fe(001)  systems,10  for  which  a 
linear  dependence  of  both  7,  and  J2  on  temperature  has  been 
obtained,  and  for  which  the  biquadratic  coupling  coefficient 
displayed  a  linear  dependence  on  the  bilinear  coefficient  7, . 
In  both  cases,  7,  and  J2  decreased  by  approximately  a  factor 
of  2  as  the  temperature  was  increased  from  77  to  300  K. 

The  surface  roughness  mechanism  proposed  by 
Slonczewski5  predicts  a  contribution  to  J2  that  is  propor¬ 
tional  to  (A Jy/A ,  where  AJ  is  the  change  in  7]  for  a  change 
in  spacer  layer  thickness  of  one  monolayer,  and  A  is  the  bulk 
exchange  stiffness  coefficient  for  the  ferromagnetic  layers.  It 
is  reasonable  to  suppose  that  the  ratio  A 7/A  could  have  es¬ 
sentially  no  temperature  dependence;  for  instance,  both 
quantities  could  vary  as  Ms(T)  The  temperature  dependence 
for  both  J  i  and  J2  would  then  be  the  same,  since  A7~7, . 
However,  the  strength  of  the  temperature  dependence  is  very 
surprising;  nearly  200%  over  the  interval  100-300  K.  This 
can  be  compared  with  a  magnetization  change  for  iron  of 
approximately  3%  over  the  interval  100-300  K.  Moreover, 
ihis  strong  temperature  dependence  has  been  observed,  both 
in  the  present  system  for  which  the  interfaces  are  very 
smooth,  and  in  systems  for  which  the  interface  terraces  are 
relatively  short:  Fe/Cu/Fe(001)  and  Fe/Ag/Fe(001).10  It  is 
therefore  very  likely  that  both  the  bilinear  and  biquadratic 
coupling  terms  are  mainly  due  to  an  intrinsic  mechanism  and 
not  due  to  the  interlayer  roughness. 
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Anisotropy  studies  of  AFM  coupled  MBE  grown  Co/Cu(001)  superlattices 

K.  Brohl,  S.  Di  Nunzio,  F.  Schretber,  Th.  Zetdler,  and  H.  Zabel 

Instinu  fur  Experimaualphysik,  Ruhr-Universitai  Bochum,  44780  Bochum,  Germany 

We  have  studied  the  anisotropy  behavior  of  antiferromagnetically  (AFM)  coupled  fee  Co/Cu(001 ) 

|  sandwiches  and  superlattices.  Magneto-optica]  Kerr  effect  measurements  on  samples  with  Cu  film 

.  thicknesses  in  the  range  of  the  second  antiferromagnetic  maximum  reveal  characteristic  shapes  of 

'  the  hysteresis  loops  in  close  agreement  with  theoretical  predictions.  For  the  AFM  coupled  samples 

we  infer  antiparallel  spin  orientations  in  re  mane  nee  perpendicular  to  the  originally  applied  magnetic 
field  direction.  Changing  the  magnetic  layer  thickness  and  maintaining  a  constant  thickness  of  the 
spacer  completely  alters  the  shape  of  the  hysteresis  loops.  The  loops  of  weakly  coupled  AFM  layers 
show  characteristic  steps,  indicative  for  a  rather  unusual  nonsymmeiric  spin  state.  This  behavior  can 
i  be  explained  by  the  competing  effects  of  anisotropy  with  the  exchange  coupling. 


The  oscillation  of  the  strength  and  the  sign  of  the  ex¬ 
change  coupling  between  magnetic  layers  as  a  function  of 
the  nonmagnetic  spacer  thickness  has  recently  been  observed 
in  a  large  number  of  systems.  Following  quantitative 
predictions'  about  the  strength  and  the  orientational  depen¬ 
dence  of  the  interlayer  coupling,  most  of  the  experimental 
interest  has  focused  on  the  oscillatory  coupling  in  model 
systems  such  as  fee  Co/Cu  in  several  crystallographic 
orientations.13 

A  thorough  understanding  of  anisotropy  properties  is  of 
equal  importance.  They  have  a  pronounced  impact  on  the 
magnetization  behavior,  in  particular,  for  AFM  coupled  lay¬ 
ers.  Here  we  will  show  that  the  consideration  of  anisotropy 
effects  advances  the  interpretation  of  complex  hysteresis 
loops. 

Phenomenological  studies  of  the  magnetization  behavior 
of  AFM  coupled  multilayer  systems  by  Dieny  el  al4  assume 
that  each  ferromagnetic  layer  is  single  domain  and  that  its 
magnetization  rotates  only  as  a  rigidly  coupled  block  of  mo¬ 
ments.  The  calculations  of  the  local  minima  of  the  internal 
energy  yield  the  stable  states  and  provide  magnetization 
curves.  The  volume  energy  density  of  a  sample  with  two 
magnetic  layers  and  an  in-plane  fourfold  anisotropy  appro¬ 
priate  for  the  systems  discussed  further  can  be  expressed  in  a 
normalized  form: 

Et 

— =  -cosfSj-S^+f^cos  8,  +  cos  82) 

-*( cos2  8j  sin2  8,  +  cos2  82  sin2  82).  (1) 

Here  8,  and  82  are  angles  between  the  magnetizations 
of  the  two  magnetic  layers  with  respect  to  the  applied  mag¬ 
netic  field,  J  is  the  exchange  coupling  constant,  and  is 
the  thickness  of  the  magnetic  layers  (assumed  here  to  be 
equal).  The  normalized  parameters  are  given  by 
k=  and  b=  - /i0MsH  lmM^2J,  where  K  is  the 

crystal  volume  anisotropy  constant,  /if,  is  the  magnetic  per¬ 
meability,  M $  is  the  saturation  magnetization,  and  H  is  the 
external  field.  For  the  present  work  the  constant  k  is  of  cru¬ 
cial  interest.  It  represents  the  ratio  between  the  crystal  anisot¬ 
ropy  and  the  exchange  coupling,  i.e.,  the  competing  interac¬ 
tion  between  these  energy  contributions.  Since  the  exchange 
coupling  varies  strongly  as  a  function  of  spacer  thickness,  in 
particular,  close  to  the  maxima  for  AFM  coupling,  strikingly 


different  magnetization  curves  are  expected  for  small 
changes  of  the  spacer  thickness.  Co/Cu(001)  is  well  known 
as  a  system  in  which  anisotropy  effects  compete  with  AFM 
coupling,  and  it  seems  ideally  suited  for  the  investigation  of 
these  effects.5 

We  have  grown  Co/Cu(001)  sandwich  and  multilayer 
structures  on  sapphire(11.2)  substrates  by  molecular  beam 
epitaxy  (MBE).  A  buffer  layer  system  of  Cu/Cr/Nb(001)  is 
necessary  before  growing  the  Co  to  obtain  a  high  quality  of 
epitaxial  growth.  The  films  have  been  characterized  in  situ 
by  RHEED  and  ex  situ  by  x-ray  scattering.6  The  thickness  of 
the  Cu  spacer  is  chosen  in  the  range  around  the  second  AFM 
maximum  at  rc„=20  A. 

A  simple  system  consisting  of  two  Co  layers  of  constant 
thickness  seems  useful  to  study  the  effect  of  *  on  the  mag¬ 
netization  behavior  and  to  compare  it  with  theoretical  predic¬ 
tions.  Therefore  we  have  grown  a  sandwich  with  two  30  A 
thick  Co  layers  separated  by  a  wedge-shaped  Cu  spacer  with 
a  thickness  range  between  17  and  28  A.  The  sandwich  was 
covered  by  a  30  A  thick  Cu  film.  The  thicknesses  were  de¬ 
termined  via  the  evaporation  rates,  calibrated  from  x-ray 
scattering  data. 

Figure  1  shows  longitudinal  MOKE  measurements  of 
hysteresis  loops  for  various  thicknesses.  The  MOKE  setup  is 
described  elsewhere.7  The  field  was  applied  in  plane  along 
the  [110]  easy  axis.  The  AFM  maximum  was  identified  for 
rCu=20.3  A  from  the  hysteresis  loop  with  the  highest  spin 
flip  fields.  The  loop  [Fig.  1(a)]  exhibits  a  first-order  spin-flip 
transition  at  H0&2QO  Oe  from  a  parallel  state  in  saturation 
to  a  state  with  almost  zero  remanence.  Spin  reversal  is 
reached  through  a  second-order  spin-flip  process  as  the  field 
is  reversed.  In  remanence  the  spins  in  the  top  and  bottom  Co 
layers  are  almost  oppositely  oriented  along  the  [110]  and 
[110]  direction  and  perpendicular  to  the  [110]  field  direction. 
The  obtained  loop  is  in  good  agreement  with  the  predicted 
shape  corresponding  to  the  0.2<k<  1 .0  region  by  Dieny 
el  al 4  Only  the  small  hysteresis  phenomenon  obtained  in  the 
second-order  spin-flip  range  does  not  agree  with  the  theoreti¬ 
cally  calculated  loops.  As  shown  later,  a  value  of  kssO.6  can 
be  concluded  from  the  spin-flip  fields.  A  small  change  of  the 
Cu  thickness  results  in  hysteresis  loops  with  smaller  spin-flip 
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FIG.  1.  MOKE  hysteresis  loops  measured  along  the  easy  aais  of  a  CoiCu J 
CofOOl)  sandwich  with  a  magnetic  layer  thickness  of  tp,=30  A  and  a 
wedged  Cu  spacer.  The  lines  are  guides  to  the  eyes. 


fields,  corresponding  to  an  increase  of  it  moving  away  from 
the  AFM  maximum,  but,  in  principle,  in  loops  with  a  similar 
shape  like  those  at  the  AFM  maximum.  Reaching  a  Cu  thick¬ 
ness  of  19.6  and  21.1  A,  respectively,  the  shape  ol  the  loops 
changes  slightly  [see  Fig.  1(b)].  We  estimate  *3*0.8. ..0.9  in 
this  region  according  to  Ref.  4.  The  magnetization  behavior 
in  the  spin-flop  region  is  not  completely  in  agreement  with 
the  predicted  one.  A  small  step  close  to  the  zero  field  leads  to 
a  constant  and  finite  magnetization  at  H=0  and  to  a  larger 
hysteresis  phenomenon  in  this  range.  The  step  indicates  a 
stable  spin  state  at  H=0  caused  possibly  by  the  shape  of  the 
interlayers. 

By  a  further  decrease  or  increase  of  the  Cu  thickness  to 
19.3  and  21.3  A,  respectively,  *  becomes  slightly  larger  than 
1  and  the  magnetization  in  the  zero  field  remains  just  about 
saturated.  For  these  values  of  t  we  have  measured  hysteresis 
loops  in  which  two  small  steps  are  observed  [Fig.  1(c)],  The 
first  step  has  the  same  value  of  the  magnetization,  like  the' 
step  at  W = 0  in  the  hysteresis  loop  shown  in  Fig.  1(b),  and 
therefore  it  should  have  the  same  origin.  The  second  step  is 
in  good  agreement  with  the  predicted  magnetization  behavior 
in  the  range  1  <*<1.96.  The  spins  flip  to  a  spin  state  that  is 
symmetric  to  the  applied  field. 

Finally,  a  clear  jump  to  a  nonsymmetric  90°  spin  con¬ 
figuration  is  observed  when  the  Cu  thickness  is  increased  or 
reduced  further.8  Figure  1(d)  shows  a  typical  example  of  a 
corresponding  hysteresis  loop,  which  can  be  observed  in  the 
range  from  17  to  19  A  and  from  21.S  to  23.5  A  on  either  side 
of  the  AFM  maximum.  The  characteristic  shape  of  these 
loops  provides  us,  according  to  the  model  presented  in  Ref. 
4,  with  a  narrow  range  of  *  values  between  1.96  and  2.00  for 
which  these  loops  are  possible.  The  predicted  spin  structure 
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is  nicely  confirmed  by  the  quantitative  value  of  the  magne¬ 
tization  of  the  observed  step  of  lfaO.5  h4s .  However, 
there  is  a  problem.  According  to  the  calculated  phase 
diagram4  the  nonsymmetric  spin  state  should  occur  at  much 
higher  fields.  Nevertheless,  the  hysteresis  loops  can  be  de¬ 
scribed  qualitatively  with  this  model  rather  well. 

Typical  ferromagnetic  (FM)  loops  can  be  observed  for 
Cu  thicknesses  larger  than  23.5  A.  For  these  loops  the  value 
of  *  is  larger  dun  2. 

It  should  be  noted  that  the  local  energy  minima  calcula¬ 
tions  assume  a  highly  idealized  single  domain  system.  This 
assumption  cannot  be  fulfilled  completely  in  real  systems, 
and  domain  wall  processes  could  be  the  reason  for  the  ob¬ 
tained  hysteresis  phenomena  in  the  loops  close  to  the  AFM 
maximum.  The  hysteresis  effects  of  the  theoretical  loops  are 
induced  in  the  model  by  different  flip  fields  for  the  demag¬ 
netization  process  (DP)  by  decreasing  the  field  from  the  satu¬ 
rated  state  and  for  the  magnetization  process  (MP)  by  in¬ 
creasing  the  field  after  reaching  the  zero  field.  In  real  systems 
the  shape  of  the  hysteresis  loops  will  be  affected  by  domain 
wall  motion  as  well.  Neglecting  these  domain  wall  move¬ 
ments,  the  value  of  *  in  the  range  of  0.2<*<1  can  be 
estimated  from  the  different  flip  fields  for  the  demagnetiza¬ 
tion  and  magnetization  process,  as  described  in  detail  in  the 
following. 

When  demagnetization  is  started  from  the  saturated 
state,  the  magnetization  remains  constant  (saturated)  down  to 
a  11616//“,  or  in  reduced  notation  b“=2(l  -*).  By  further 
decreasing  the  magnetic  field,  the  antiparallel  spin  state  is 
reached  in  a  second-order  (spin-flop)  process. 

Now  we  start  the  magnetization  process  by  increasing 
the  field  from  the  antiparallel  spin  configuration  perpendicu¬ 
lar  to  the  applied  field.  First  the  magnetization  increases 
gradually,  and  for  values  0.2<*<0.5  saturation  is  then 
reached  via  a  first-order  transition  at  a  field  b*p 
=  js/(1  +k)i/6k.  For  *>0.5,  a  rather  peculiar  magnetiza¬ 
tion  process  was  predicted,  with  a  sudden  rotation  into  a 
nonsymmetric  90°  spin  configuration  of  the  spins  at  a  critical 
field  b^p.  This  can  be  seen  by  a  narrow  step  in  the  hysteresis 
curve  of  the  magnetization  process  [see  Fig.  1(d)].  Full  mag¬ 
netization  is  reached  at  a  slightly  increased  magnetic  field. 
Nevertheless,  bj0’  describes  the  reduced  field  b  at  the  small 
step,  normalized  by  the  field  H*p .  For  typical  AFM  hyster¬ 
esis  loops  the  value  of  *  can  be  estimated  from  the  ratio  of 
the  field  of  the  magnetization  process  to  the  saturation 
field  H?  in  the  demagnetization  process: 

HqT  2  V(1  -F*)?/6* 

W  3  (1-*)  ' 

From  this  we  have  found  a  minimum  value  of  *a0. 6  for  the 
AFM  maximum  of  the  system  with  two  30  A  thick  Co  layers 
at  a  Cu  thickness  of  20.3  A  [Fig.  1(a)]  and  a  value  *a*0.8 
for  a  Cu  layer  thickness  of  19.6  A  [Fig.  1(b)]. 

From  the  hysteresis  loops  of  the  ferromagnetic  part  of 
the  wedge  sample  we  have  estimated  the  volume  anisotropy 
constant  2 KJMS=  1  kG.  This  value  is  in  good  agreement 
with  our  FMR  measurements  and  with  values  repotted  in  the 
literature.9 
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FIG.  2.  MOKE  hysteresis  Loops  measured  along  the  easy  axis  at  the  AFM 
maxima  (a)  of  a  CrVCu(OOl)  sandwich  with  a  magnetic  layer  thickness  of 
fco“ 30  A;  and  (b)  of  a  Co/Cu(001)  superlattice  with  15  periods  and  a 
magnetic  layer  thickness  of  rCo=  15  A.  The  lines  are  guides  to  the  eyes. 

Completely  different  hysteresis  loops  can  be  observed  at 
a  wedge-shaped  superlattice  with  15  periods  of  Co/Cu(001) 
with  a  Co  layer  thickness  of  only  15  A.  The  thickness  of  the 
Cu  spacers  was  similar  to  its  value  in  the  sandwich.  In  Fig.  2 
and  Fig.  3  loops  of  the  two  systems  are  compared.  The  shape 
of  the  hysteresis  loop  at  the  AFM  maximum  of  the  superlat¬ 
tice  [Fig.  2(b)]  is  completely  different  from  the  shape  of  the 
loop  at  the  AFM  maximum  of  the  sandwich.  It  shows  no  spin 
flip,  and  it  can  be  concluded  that  k  must  be  smaller  than  0.2. 
This  value  is  expected  for  a  second-order  (spin-flop)  transi¬ 
tion  from  the  saturated  to  the  zero  held  state  and  the  revetse. 
A  smaller  value  of  k  can  be  explained  without  invoking  a 
decrease  of  the  anisotropy  constant  K.  first  the  fact  that  every 
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FIG.  3.  MOKE  hysteresis  loops  measured  along  the  easy  axis  in  a  Cu 
thickneas  range  with  a  week  AFM  coupling  (a)  of  a  CtVCu(OOl)  sandwich 
with  a  magnetic  layer  thickness  of  fQ,=30  A;  and  (b)  of  a  Co)Cu(OOl) 
super  lattice  with  15  periods  and  a  magnetic  layer  thickness  of  r^,- 15  A 
The  lines  are  guides  to  the  eyes. 
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magnetic  layer  in  superlattkes  has  two  neighbors  instead  of 
one  reduces  the  value  of  k  by  a  factor  of  5,  and  second,  the 
magnetic  layer  thickness  in  the  measured  multilayer  is  much 
smaller  than  in  the  sandwich.  AlW-Oa  finite  magnetization 
with  a  value  of  M —0.3  MS  similar  to  that  at  the  steps  close 
lo  H  =  0  in  Figs.  1(b)  and  1(c)  was  obtained,  in  contradiction 
to  the  predicted  shape  of  the  calculated  loops  with  k  smaller 
than  0.2.  This  value  of  the  magnetization  is  not  consistent 
with  a  biquadratic  coupling  with  a  90°  spin  structure. 

In  relatively  large  Cu  thickness  ranges  from  15.0  to  19.0 
A  and  from  21.5  to  24.6  A  on  both  sides  of  the  AFM  maxi¬ 
mum  hysteresis  loops  can  be  observed,  which  provide  us  a 
value  of  *-=l.  For  *=  1  a  hysteresis  loop  is  expected  to 
exhibit  a  spin-flip  transition  from  the  saturated  state  to  an 
anti  parallel  spin  state  at  an  exactly  zero  field.  Figure  3  com¬ 
pares  a  typical  loop  of  the  superlattice  in  these  ranges  with  a 
typical  loop  of  the  sandwich  obtained  from  17-19  A  and 
from  21.5  to  23.5  A.  The  behavior  of  the  magnetization  pro¬ 
cess  in  these  Cu  ranges  in  the  superlattice  is  in  good  agree¬ 
ment  to  that  predicted  for  a  A  value  slightly  larger  than  1 .  The 
spins  flip  near  the  zero  field  to  a  symmetric  spin  stale  and 
possibly  later  to  the  nonsymmetric  one.  The  step  correspond¬ 
ing  to  the  nonsymmetric  spin  state  is  faintly  visible  only. 

In  conclusion,  we  have  studied  hysteresis  loops  of  AFM 
coupled  Co/Cu(001)  epitaxial  layered  systems  with  2  and  15 
magnetic  layets.  The  thickness  of  the  nonmagnetic  spacer 
material  with  lc— 20  A  corresponds  to  a  range  of  maximum 
AFM  coupling.  Completely  different  hysteresis  loops  with  a 
spin-flip  transition  in  the  AFM  maximum  for  the  sandwich 
system  and  a  spin-flop  transition  for  the  multilayer  system 
have  been  related  to  different  values  of  the  reduced  anisot¬ 
ropy  constant  k.  Its  value  is  determined  by  the  number  of  the 
magnetic  layers  and  the  magnetic  layer  thicknesses.  For  a 
constant  thickness  of  the  magnetic  layers  the  coupling  con¬ 
stant  J  varies  strongly  with  small  changes  of  the  Cu  thick¬ 
ness  and  so  does  the  value  of  k.  This  provokes  strikingly 
different  hysteresis  loops  around  an  AFM  peak. 
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“Loom  spins”  in  Fe/Cu/Fe(001)  structures 

B.  Heinrich,  Z.  Cettnski,  L  X.  Liao,  M.  From,  and  J.  F.  Cochran 
Department  of  Physics,  Simon  Fraser  University,  Burnaby,  V5A  1S6,  Canada 

Slooczewski  recently  imposed  a  model  for  the  exchange  coupling  between  ferromagnetic  layers 
separated  by  a  nonferromagnetic  spacer  based  on  the  concept  of  “loose  spins.’'  “Loose  spins” 
contribute  to  the  total  exchange  energy.  We  have  studied  the  role  of  “loose  spins”  in  bcc  Fe/Cu/ 
Fe(001)  structures,  bcc  Fe/Cu/Fe(001)  trilayers  deposited  at  room  temperature  were  investigated 
extensively  in  our  previous  studies.  In  our  “loose  spin”  studies,  the  Fe  was  added  inside  the  Cu 
interlayer.  Several  structures  were  atomically  engineered  in  order  to  test  the  behavior  of  "loose 
spins:”  One  additional  atomic  layer  of  an  (Fe+Cu)  alloy  were  located  in  appropriate  positions  in  a 
Cu  spacer.  The  bilinear  and  biquadratic  exchange  coupling  in  the  above  structures  was  quantitatively 
studied  with  FMR  in  the  temperature  range  77-370  K  and  with  MOKE  at  KT. 


INTRODUCTION 

Recently,  Fe/Al/Fe(001)  samples  have  been  investigated 
by  Fuss  el  at,'  by  Gutierrez  er  aL,2  and  by  Griinberg  el  at .3 
In  the  above  studies  the  measured  interlayer  magnetic  cou¬ 
pling  was  mostly  due  to  biquadratic  exchange  coupling.  The 
biquadratic  exchange  coupling  in  these  measurements  exhib¬ 
ited  a  very  strong  temperature  dependence.  The  growth  of 
the  A1  proceeded  in  an  obvious  three-dimensional-(3-D)  like 
manner.  In  such  a  case  one  could  expect  that  Fe  atoms  would 
be  dispersed  within  the  A1  interlayer.  These  Fe  atoms  are  not 
a  part  of  the  ferromagnetic  layer,  but  they  are  still  subject  to 
the  RKKY  interaction  facilitated  by  the  surrounding  Fe  lay¬ 
ers.  Slonczewski4  recently  proposed  a  model  based  on  the 
concept  of  “loose  spins.”  “Loose  spins”  contribute  to  the 
total  exchange  energy.  The  angular  dependence  of  this  cou¬ 
pling  is  not  expected  to  follow  a  simple  bilinear  form  of 
exchange  coupling,  and  its  strength  should  be  strongly  de¬ 
pendent  on  temperature  because  of  the  intrinsic  nonlinearity 
connected  with  the  easy  saturability  of  the  loose  spin  polar¬ 
ization. 

We  have  found  a  “loose  spin”-Iike  behavior  in  two  sys¬ 
tems:  (1)  Co/Cu/Co(0Ol  )/Fe5  and  (2)  Fe/Pd/Fe(001).6  The 
sample  4Co/6Cu/4Co  (the  integers  describe  the  number  of 
atomic  layers)  was  found  to  be  coupled  antiferromagneti- 
cally.  With  the  addition  of  3  ML  of  Fe  to  the  second  Co  layer 
the  structure  developed  a  well-defined  surface  reconstruction 
and  the  exchange  coupling  became  ferromagnetic.  Moreover, 
the  temperature  dependence  of  the  exchange  coupling  be¬ 
came  strong  and  followed  a  1  IT  dependence.  We  have  ex¬ 
plained  this  behavior  by  the  presence  of  Co  atoms  in  the  Cu, 
which  were  subjected  to  the  exchange  field  of  the  surround¬ 
ing  Co  layers.  The  presence  of  Co  atoms  in  the  Cu  interlayer 
was  presumably  promoted  by  the  presence  of  lattice  defects 
connected  with  the  Fe  lattice  reconstruction.  The  exchange 
coupling  through  5  ML  Pd  also  followed  a  Curie-Weiss  de¬ 
pendence  in  temperature.  In  our  view,  this  behavior  indicates 
the  presence  of  a  fluctuating  magnetic  moment  in  the  Pd, 
which  was  subjected  to  the  RKKY  field  from  the  surrounding 
Fe  magnetic  layers. 

In  this  paper  we  present  our  recent  studies  in  which  a 
low  concentration  of  Fe  atoms  was  intentionally  added  to 
various  parts  of  a  nonferromagnetic  spacer.  Our  studies  were 
carried  out  using  unreconstructed  bcc  Fe/Cu/Fe<001)  trilay¬ 


ers.  The  Fe  atoms  in  a  Cu  spacer  can  be  expected  to  behave 
as  “loose  spins.”  The  Fe  atoms  were  coevaporated  together 
with  the  Cu  atoms  during  the  formation  of  a  nonferromag¬ 
netic  Cu  spacer.  Table  I  lists  “loose  spin”  ultrathin  film 
structures,  which  were  investigated  in  this  paper. 

Note  that  the  thickness  of  the  ferromagnetic  layers  was 
kept  constant,  and  the  total  number  of  Cu  atomic  layers  was 
kept  equal  to  10  ML.  The  exchange  coupling  between  the  Fe 
layers  (5.7Fe  and  lOFe)  was  investigated  using  the  Ferro¬ 
magnetic  Resonance  (FMR)  and  Magneto-Optical  Kerr  Ef¬ 
fect  (MOKE)  techniques. 

In  the  following,  the  exchange  energy  is  written  in  the 
form  E=-J ,  cos (0)+J2  cos2(0),  where  J,  and  Jt  describe 
the  strength  of  the  bilinear  and  biquadratic  exchange  cou¬ 
pling,  respectively.  6  is  the  angle  between  magnetic  mo¬ 
ments. 

GROWTH  AND  MAGNETIC  PROPERTIES  OF  FWCu/Fa 
TRILAYERS 

The  detailed  growth  and  magnetic  studies  of  Fe/Cu/ 
Fe(001)  trilayers  were  presented  in  our  recent  article.7  Here 
we  will  summarize  only  those  aspects  that  are  relevant  to  the 
results  presented  in  this  work. 

The  structures  were  prepared  using  a  PHI-400  MBE  ma¬ 
chine.  All  structures  were  grown  at  room  temperature  (RT) 
on  a  bulk  Ag(001)  substrate.  The  first  Fe  layer  (5.7  Fe)  grows 
in  a  “quasi’Tayer  by  layer  mode.  It  means  that  the  surface 
roughness  is  mostly  confined  to  the  last  two  atomic  layers. 
For  the  growth  carried  out  at  RT,  the  average  distance  be¬ 
tween  Fe  terraces  is  approximately  50-60  A.  The  growth  of 
Cu  over  the  first  Fe  layer  proceeds  epitaxially  in  an  almost 
pure  bcc  structure  (with  negligible  tetragonal  distortion)  up 


7ABLE  I.  " Loose  spin"  structures  used  is  this  work.  The  integers  describe 
the  camber  of  atomic  layers.  "Loose  spins"  were  inserted  in  one  atomic 
layer  inside  a  Cu  spacer.  Tbs  Fe  moms  (loose  spins)  were  coevsporsted, 
together  with  the  Cu  atoms.  All  samples  were  protected  with  a  20Au<001) 

capping  layer- _ 

(1)  5.7FS/5CW1  ML  Fe/5Cu/10Fe<001); 

(2)  5.7Fe(5Cs/l  ML  (JO*Fe+50%CuWCV]OFe(OOt); 

(3)  5.7Fe/5Cu/l  ML  (25%Fe+75%CuV5CWtOFe<001); 

(4)  5.7Fe/8Cu/l  ML  (30*Fe+30%CuWCW10Fe<001). 
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to  11-12  atomic  layers.  The  fust  S  MLs  of  Cu  grow  also  in 
a  “quasi  "layer  by  layer  mode,  but  with  large  atomic  terraces 
several  hundred  A  wide.  With  increasing  Cu  thickness  and 
especially  when  approaching  the  critical  thickness  of  Cu 
(11-12  ML),  the  atomic  terraces  on  the  top  surface  of  the  Cu 
spacer  layer  become  progressively  smaller  and  they  eventu¬ 
ally  become  comparable  to  those  of  the  5.7Fe  layer.  RHEED 
patterns  and  RHEED  intensity  oscillations  exhibited  no  no¬ 
ticeable  changes  when  a  mixed  (Fe+Cu)  layer  was  grown, 
and  therefore  the  above  structural  properties  were  not  af¬ 
fected  by  the  deposition  of  “loose  spin”  Fe  atoms. 

The  magnetic  properties  of  the  individual  Fe  layers  (with 
the  same  interfaces  as  those  in  an  Fe/Cu/Fe  trilayer)  and  of 
the  5.7Fe/Cu/10Fe  trilayers  were  determined  in  our  previous 
studies.6  Fe/Cu/Fe  trilayers  with  a  10  ML  Cu  spacer  exhibit  a 
maximum  antifenomagnetic  coupling,  -  2J, 

=  -0.2  erg/cm2  at  room  temperature  (RT),  and  7loul  in¬ 
creases  linearly  with  temperature  upon  cooling  to 
Jmii — 0.4  erg/cm2  at  liquid  N2  temperature  (LN2).6  For  a 
Cu  thickness  greater  than  10  ML,  the  antiferromagnetic  ex¬ 
change  coupling  decreases  gradually  and  reaches  its  half¬ 
maximum  value  at  13  ML,  and  it  is  nearly  equal  to  zero  at  16 
ML.  For  thicknesses  less  than  10  ML  of  Cu,  the  antiferro¬ 
magnetic  coupling  decreases  rapidly  and  crosses  zero  at  8 
ML.  For  thickness  less  than  8  ML,  there  is  no  evidence  that 
the  exchange  coupling  crosses  again  to  antiferromagnetic 
coupling;  the  experimental  measurements6'8  and  the  theo¬ 
retical  calculations9  show  that  the  coupling  remains  ferro¬ 
magnetic  and  rapidly  increases  with  decreasing  Cu  thickness. 
At  5  ML  thick  Cu,  the  exchange  coupling  is  expected  to  be 
strongly  ferromagnetic,  7,  >1-2  erg/cm2.  The  exchange 
coupling  in  samples  grown  at  RT  is  mostly  bilinear,  only  a 
small  fraction  of  the  total  exchange  coupling  at  RT  is  due  to 
the  biquadratic  term,  72— 0.01  -0.02  erg/cm2.  Recently  we 
found  that  J2  follows  the  same  temperature  dependence  as 

V° 

RESULTS  AND  DISCUSSION 

The  FMR  studies  were  carried  out  between  77-370  K, 
and  the  MOKE  studies  were  carried  out  only  at  RT.  A  de¬ 
tailed  description  of  FMR  and  MOKE  studies  can  be  found 
in  Ref.  5.  Samples  1,  2,  and  3  have  their  “loose  spin”  layers 
inserted  in  the  center  of  the  Cu  spacer.  Sample  1  with  a  full 
atomic  layer  of  Fe  shows  a  strong  ferromagnetic  coupling, 
7=0.27  and  0.4  erg/cm2  at  RT  and  LN2,  respectively. 
Samples  2  and  3  are  coupled  antiferromagnetically.  The 
MOKE  measurements  on  samples  2  and  3  showed  that  the 
presence  of  a  “loose  spin”  atomic  layer  significantly  de- 
creases  7 1  (-0.008,  -0.018  erg/cm2)  compared  with  that  of 
a  10  ML  Cu  spacer  (-0.2  erg/cm2),  but  72  (0.02,  0.016 
erg/cm2)  in  samples  2  and  3  is  almost  unaffected  by  the 
presence  of  “loose  spins.”  A  large  decrease  in  7,  resulted  in 
a  perpendicular  relative  orientation  of  the  layer  magnetic 
moments  in  zero  field  due  to  the  biquadratic  coupling  term. 

It  is  tempting  to  assume  that  the  coupling  between 
“loose  spin  atoms”  and  the  surrounding  Fe  layers  is  nearly 
the  same  as  that  between  ferromagnetic  layers  separated  by  a 
Cu  spacer  of  an  equivalent  thickness.  Our  choice  of  samples 
and  our  expectations  were  guided  by  this  oversimplified  as¬ 


sumption.  However,  a  word  of  caution  is  needed.  The  phase 
and  strength  of  the  exchange  coupling  depend  both  upon  the 
Fermi  surface  of  the  spacer  material  and  upon  the  interaction 
between  the  spacer  electrons  and  the  magnetic  atoms."  The 
energy  levels  of  “loose  spin  atoms”  are  definitely  not  iden¬ 
tical  to  those  at  the  interface  of  a  complete  ferromagnetic 
layer,  and  therefore  the  strength  and  even  the  sign  of  the 
coupling  could  be  different  horn  those  expected  between  two 
ferromagnetic  layers  separated  by  a  spacer  of  an  equivalent 
thickness.  The  coupling  energy  due  to  “loose  spins”  in  the 
Slonczewski  model  is  given  by 

U(8)  =  (U,1+U22  +  2Ul’U2*  cos  ef  \ 

where  Vl  and  U2  describes  the  exchange  energy  between 
semi-infinite  ferromagnets  I  and  2  and  a  “loose  spin  atom.” 
8  is  the  angle  between  the  magnetic  moments  n>i  and  m2. 
The  free  energy  of  loose  spins  is  then  used  to  evaluate  the 
contribution  of  “loose  spins”  to  the  total  exchange  coupling; 
see  the  details  in  Ref.  4. 

The  coupling  energy  U  can  be  estimated  from  the  mea¬ 
sured  (or  extrapolated)  exchange  coupling  in  the  Fe/Cu/Fe 
trilayer,  which  possesses  an  equivalent  Cu  spacer.  The  pa¬ 
rameter  U  for  a  5  ML  thick  Cu  layer  can  be  expected  to  be  at 
least  12  K  (equivalent  to  7,  =  1.3  erg/cm),7  but  it  is  unlikely 
larger  than  25  K.  Since  in  these  samples  "loose  spin”  atomic 
layers  are  inserted  symmetrically,  one  expects  that  the  pa¬ 
rameters  U,  2  for  both  Fe  layers  are  of  the  same  sign  and  are 
also  equal.  For  low  values  of  t/,  2,  the  Slonczewski  model 
predicts  a  ferromagnetic  bilinear  coupling,  Jus,  with  a  neg¬ 
ligible  contribution  of  J2LS.  In  that  case  the  temperature  de¬ 
pendence  ofJns  should  exhibit  a  1  IT  behavior.  The  strength 
of  this  coupling  depends  on  the  particular  choice  of  (/,  2  and 
on  the  density  of  “loose  spins.”  The  exchange  coupling  due 
to  the  presence  of  “loose  spins”  and  that  caused  by  direct 
coupling  through  the  Cu  interlayer  are  difficult  to  incorporate 
into  one  single  picture.  Clearly,  the  presence  of  the  Fe  atoms 
in  the  middle  of  the  Cu  spacer  will  affect  the  direct  coupling 
between  the  Fe  layers  in  some  manner  that  is  not  known  at 
the  present  time.  One  would  expect  that  the  Fe  impurity  scat¬ 
tered  would  result  in  some  decrease  of  the  direct  exchange 
coupling,  as  was  definitely  found  for  1  atomic  layer  of  Ag 
inserted  in  a  Cu  spacer.7  At  this  point  it  is  interesting  to 
discuss  a  simple  model.  Assume  that  the  direct  bilinear  ex¬ 
change  coupling  is  decreased  by  a  temperature-independent 
constant  value  A7  y  due  to  the  Fe  scattered,  but  otherwise  the 
direct  coupling  has  the  same  strength  and  temperature  depen¬ 
dence,  as  it  has  in  Fe/Cu/Fe  trilayers.  A  1  ML  of  Ag  inserted 
in  the  Cu  spacer  of  a  Fe/Cu/Fe(001)  sample  resulted  in 
A7,~0.1  erg/cm2.7  Further,  let  us  assume  that  the  direct 
coupling  reduced  by  A7,  and  the  contribution  from  the 
“loose  spins”  are  additive.  For  A7,=0.1  erg /cm2,  the  dif¬ 
ference  between  the  reduced  direct  exchange  coupling  and 
the  measured  exchange  coupling  in  samples  2  and  3  in¬ 
creases  rapidly  with  decreasing  temperature.  The  difference 
between  the  measured  and  the  reduced  direct  exchange  cou¬ 
pling  should  be  equal  to  the  contribution  of  the  “loose 
spins”,  JlSL.  Parameters  L/,  =  l/2=22  K  for  sample  3  ex¬ 
plain  the  increase  in  7IJt  between  370  and  77  K.  However, 
the  overall  temperature  dependence  of7]Sl  in  samples  2  and 


8168  J.  Appi.  Ptiys.,  VW.  75,  No.  10, 15  May  1084 


— 1  *  — - 

ffpnncn  m  m. 


3  does  not  follow  well  a  1  IT  term.  Id  order  to  obtain  a  J , SL 
proportional  to  1  IT,  one  has  to  accept  that  the  direct  ex¬ 
change  coupling  between  ferromagnetic  layers  does  not  in¬ 
crease  linearly  with  decreasing  temperature,  but  that  it  is 
described  by  the  sum  of  a  constant,  and  a  i/T  term 
(-0. 035-20. 4/T  erg/cm2  in  sample  3).  It  is  interesting  to 
note  that  the  first  (constant)  term  (-0.035)  is  very  close  to 
-2 J2,  and  therefore  the  second  term  -20.4 IT  represents  a 
bilinear  antiferromagnetic  exchange  coupling.  This  rather 
unexpected  conclusion  is  not  that  surprising.  The  loose  spin 
atoms  create  a  spin-dependent  potential  (~1/T),  which  af¬ 
fects  the  spin  minority  and  majority  bands  of  Cu  valence 
electrons,  and  consequently  they  should  affect  the  direct  ex¬ 
change  coupling  between  the  ferromagnetic  layers.  The  pres¬ 
ence  of  a  1  IT  term  could  be  due  to  an  increasing  loose  spin 
moment  (spin  potential)  with  decreasing  temperature.  The 
value  of  the  parameter  Ut  2  corresponds  to  an  equivalent 
exchange  coupling  of  2.8  erg/cm2,  and  that  value  is  in  agree¬ 
ment  with  observations  of  very  strong  ferromagnetic  cou¬ 
pling  for  a  5  ML  Cu  spacer. 

The  temperature  dependence  of  the  measured  exchange 
coupling  in  sample  4  is  very  weak;  see  Fig.  1.  In  this  sample 
the  “loose  spin"  atomic  layer  is  located  close  to  the  lOFe 
ferromagnetic  layer,  and  it  is  8  ML  removed  from  the  5.7Fe 
layer.  One  could  expect  that  in  this  case  U ,  (describing  the 
strength  of  the  coupling  through  2  ML  Cu)  is  very  large  and 
ferromagnetic.  The  parameter  U2  is  expected  to  be  small, 
since  the  8  ML  thick  Cu  interlayer  corresponds  to  the  cross¬ 
over  of  the  exchange  coupling  from  the  ferromagnetic  to  the 
antiferromagnetic  region.  The  measured  exchange  coupling 
in  sample  4  was  found  to  be  ferromagnetic.  This  implies  that 
U2  was  positive.  The  measured  temperature  dependence  in 
this  sample  can  be  described  by  taking  the  Slonczewski 
model  without  direct  exchange.  Using  f/,  =  800  K,  U2=2  K 
leads  to  good  agreement  between  the  measured  and  calcu¬ 
lated  values  of  the  exchange  coupling.  The  absence  of  the 
direct  exchange  coupling  in  this  sample  can  be  expected.  The 
proximity  of  the  “loose  spins”  to  the  ferromagnetic  layer 
very  likely  results  in  a  large  magnetic  moment  per  loose 
spin.  In  this  case  the  “  loose  spirts”  would  be  magnetically 
ordered  and  would  be  chiefly  responsible  for  the  coupling 
between  ferromagnetic  layers.  The  value  l/,  =  800  K  is, 
however,  very  large:  nearly  as  large  as  the  exchange  coupling 
in  pure  iron.  It  is  interesting  to  note  that  the  ferromagnetic 
coupling  between  “loose  spins,”  by  adding  self-consistently 
the  molecular  field  A(m)  to  their  coupling  energy  results  in  a 
decreased  dependence  of  JtLS  on  temperature.  Here  (m)  is 
the  average  moment  per  “loose  spin”  in  units  of  the  Bohr 
magneton  and  A  is  the  “loose  spin”  molecular  field  param¬ 
eter.  A  much  lower  value  of  U2  could  be  used  to  obtain  a 
small  increase  with  decreasing  temperature.  For  sample  4,  a 
choice  of  f/|  =  200  K,  I/2  =  2.8  K,  and  A=300  describes  the 
observed  data  well;  see  Fig.  1.  In  fact  the  inclusion  of  the 
molecular  field  \(m)  produces  a  convex  temperature  depen- 


FIG.  ).  The  temperature  dependence  of  the  total  exchange  coupling, 
J  i  -  2J2,  for  samples  indicated  in  Table  1.  Positive  /,  corresponds  to  ferro¬ 
magnetic  coupling.  The  exchange  coupling  was  measued  using  FMR.  The 
dashed  lines  are  second-order  polynomial  fits  to  help  the  reader's  eye.  The 
solid  line  is  a  theoretical  fit  using  the  following  parameters:  U ,  =  200  K, 
l/2-2.8  K.  A=300,  and  the  density  of  “loose  spins”  =6.0x10. 14  The  mag¬ 
netic  properties  of  the  5.7  and  10  ML  Fe  layers  at  all  measured  temperatures 
were  determined  separately  by  measurements  on  the  individual  Fe  layers, 
which  had  the  same  interfaces  as  the  Fe/Cu/Fe  trilayers.  The  strength  of 
exchange  coupling  in  the  studied  trilayers  was  determined  by  using  the 
measured  positions  of  the  acoustic  and  optical  resonance  peaks;  it  was 
double-checked  by  comparing  the  measured  and  calculated  intensities  of  the 
acoustic  and  optical  peaks. 

dence  that  is  very  consistent  with  the  experimental  data;  see 
the  solid  line  in  Fig.  1.  The  Slonczewski  model  without  the 
molecular  field  \(m)  actually  produces  a  concave  curvature 
in  J,  vs  T;  that  means  JlLS  increases  with  decreasing  tem¬ 
perature  more  rapidly  at  lower  temperatures  and  becomes 
almost  fiat  at  higher  temperatures. 
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Interlayer  coupling  and  spin  polarization  of  the  nonmagnetic  layers 
in  Fe/Cu  and  Fe/Ag  CMFs 
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Compositional! y  modulated  films  (CMFs)  of  Fe/Cu  and  Fe/Ag,  made  by  RF  sputtering,  were 
investigated  with  ferromagnetic  resonance  (FMR),  nuclear  magnetic  resonance  (NMR),  and 
magneto-optical  (MO)  spectroscopy.  Evidence  of  spin  polarization  of  the  nonmagnetic  layers, 
related  to  the  interlayer  coupling,  was  obtained.  Direct  evidence  of  the  penetration  of  an  exchange 
field  and  the  spin  polarization  of  the  conduction  electrons  in  the  nonmagnetic  Cu  layers  was 
obtained  in  Fe/Cu  CMFs  by  NMR.  Spin-wave  resonances  were  observed  in  Fe/Cu  CMFs  in  FMR 
experiments,  and  the  spin  wave  was  found  to  be  sustained  by  both  the  Fe  and  Cu  sublayers.  The  MO 
spectra  of  Fe/Ag  CMFs  indicated  that  the  conduction  electrons  of  Ag  are  spin  polarized  and  give  an 
additional  MO  activity. 


INTRODUCTION 

Interlayer  exchange  coupling  in  magnetic/nonmagnetic 
multilayers  has  attracted  much  attention  recently.1,2  One  in¬ 
teresting  and  important  question,  related  to  interlayer  cou¬ 
pling,  is  the  possible  spin  polarization  of  the  nonmagnetic 
layers  and  its  effects.  We  have  investigated  Fe/Cu,  Fe/Ag, 
Co/Cu,  and  Co/Al  multilayers  with  nuclear  magnetic  reso¬ 
nance  (NMR),  spin  wave  resonance  (SWR),  and  magneto¬ 
optical  (MO)  spectroscopy,  trying  to  get  some  insight  into 
this  question.  Some  results  are  reported  in  this  paper. 


EXPERIMENTS 

The  samples  were  prepared  by  RF  sputtering  onto  water- 
cooled  glass  substrates.  Details  are  given  in  Ref.  3.  The  low- 
angle  x-ray  diffraction  pattern  of  a  [Fe(22  A)/Cu(  1 7  A)]x 
CMF  showed  that  the  multilayers  are  well  periodically  lay¬ 
ered.  Taking  into  account  the  correction  due  to  the  refractive 
index,  the  period  determined  by  x-ray  diffraction  agrees  with 
the  designed  value,  with  deviations  less  than  5%.  Large- 
angle  x-ray  diffraction  showed  a  small  FCC  (111)  peak,  in¬ 
dicating  a  slight  (111)  texture  in  the  Fe/Cu  multilayers.  The 
microstructure  of  the  interfaces  has  not  been  analyzed  at  this 
time. 

The  NMR  measurements  were  performed  on  a  Bruker 
MSL-300  NMR  spectrometer.  High  sensitivity  was  achieved 
by  using  a  pulsed-echo  and  Fourier-transformation  method. 
The  applied  magnetic  field  was  7  T,  oriented  parallel  to  the 
film  plane.  For  the  FMR  experiments,  the  samples  were 
mounted  inside  the  X-band  cavity  (9.7  GHz)  of  a  Bruker 
EPR  spectrometer.  The  orientation  of  the  film  plane  can  be 
rotated  through  the  range  0°-90l>.  The  magneto-optical  Xerr 
effect  (MOKE)  was  measured  with  a  Faraday-modulated 
MO  spectrometer.3 
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NMR  OF  FWCu  CMF* 

Nuclear  magnetic  resonance  (NMR)  provides  a  direct 
way  to  investigate  the  spin  polarization  of  conduction  elec¬ 
trons.  Lang  et  al. *  and  Boyce  el  aL 5  used  a  spin-echo  tech¬ 
nique  to  study  the  electron-spin  density  in  Cu  for  CuCo  and 
CuFe  dilute  alloys.  Both  of  them  found  several  resonant 
“satellite”  peaks  corresponding  to  Cu  atoms,  which  were  the 
first,  second,  and  farther  nearest  neighbors  of  the  Co  or  Fe 
atoms,  and  the  extra  Knight  shift  isK/K,  due  to  the  induced 
spin  polarization  of  the  conduction  electrons  in  the  Cu, 
showed  an  oscillation  between  positive  and  negative  values. 

Figure  1  shows  the  NMR  spin-echo  spectrum  of  MCu 
nuclei  in  a  [Fe(22  A)/Cu(17  A)]w  CMF,  in  which  the  reso¬ 
nant  frequency  of  a  pure  copper  film  is  taken  as  the  zero 
point.  For  pure  copper  films  only  one  peak  was  observed, 
which  gave  the  standard  Knight  shift  of  0.233%  compared 
with  CuCl2  powder.  Differing  from  that  of  a  pure  Cu  film, 
the  NMR  spectra  of  wCu  in  the  Fe/Cu  multilayers  is  com¬ 
posed  of  a  group  of  peaks,  as  shown  in  Fig.  1 . 


FIG.  I .  Spin-echo  spectrum  of  uCu  nuclei  in  a  [Fe<22  A )/Cu!  1 7  AlJso  CMF. 
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TABLE  1.  The  exchange  fields  on  kOel  of  (he  samples  with  4f„=  17  and  25  A. 
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The  NMR  resonance  frequency  in  metals  can  ’  e  ex¬ 
pressed  as 

fn=yH0il+K)  =  yH0(l  +  \H/H0),  m 

where  y  is  the  gyromagnetic  ratio  of  the  nucic:  ynder  study 
iy=  11.285  MHz/T  for  63Cu),  K  is  the  Knig'.t  shift  of  the 
metal,  and  A H  is  the  Fermi  contact  field  experienced  by  the 
nuclei  due  to  the  spin  polarization  of  the  conduction  elec¬ 
trons  caused  by  the  external  magnetic  field  H0.  In  multilay¬ 
ers,  the  additional  spin  polarization  within  the  nonmagnetic 
Cu  layers,  caused  by  the  exchange  field  due  to  the  inter¬ 
layer  coupling,  leads  to  a  modified  expression  for  the  reso¬ 
nant  frequency  with  an  additional  Knight  shift. 

/=/,,+  A/=  yH„t  1  +  K  +  AK)  =  y Hu[  1  +  A  HIH0 
+  (A  (2) 

Thus,  the  exchange  field  in  the  Cu  layers,  associated  with 
any  particular  NMR  peak,  is 

H„=\f/yK,  (3) 

w  here  A/  is  the  additional  Knight  shift  frequency,  which  can 
be  obtained  from  the  NMR  spectrum,  as  sl  own  in  Fig.  1. 

Table  1  gives  calculated  values  of  H„  for  Fe(22  A)/ 
Cut  17  A)  and  Fe(60  A)/Cu(25  Al  CMFs.  It  is  interesting  hat 
with  the  decrease  of  the  absolute  value  of  the  exchange  field, 
positive  and  negative  values  appear  alternately,  as  shown  in 
the  table.  This  can  be  explained  as  due  to  a  spatially  damped 
oscillation  of  the  exchange  field  and  spin  polarization  of  the 
conduction  electrons  in  the  Cu  sublayers.  Trying  to  deter¬ 
mine  the  oscillation  period  of  Htr  and  the  spin  polarization 
within  the  Cu  layers,  we  find  from  the  presently  limited 
NMR  data  that  there  is  no  way  to  localize  the  regions  in  the 
layers  that  contribute  to  the  various  NMR  peaks.  If  we  as¬ 
sume  that  the  peaks  of  the  spin-echo  signal  result  from  an 
equally-spaced  oscillation  along  the  normal  to  the  plane  of 
the  Cu  laver,  the  total  number  of  oscillations  is  about  3.5  and 
ft  for  dcu  =  1 7  and  25  A,  respectively.  This  gives  an  average 
period  for  the  oscillation  of  about  4-5  A  for  the  (111)  ori¬ 
entation,  which  seems  to  be  somewhat  less  than  expected 
from  an  RKKY  model. 

SWR  IN  Fe/Cu  CMFs 

The  thickness  of  the  magnetic  layers  in  the  multilayers  is 
usually  less  than  50  A.  Thus,  for  standing  spin  waves  local¬ 
ized  within  the  individual  magnetic  layers,  the  wavelength  is 
of  the  order  of  tens  of  angstroms,  and  the  exchange  field  is  so 
high  that  the  microwave  frequency  needed  to  excite  the  spin- 
wave  modes  is  much  higher  than  the  microwave  frequency 
usually  used  for  FMR,  say  10  GHz.  However,  when  inter¬ 
layer  coupling  occurs,  and  the  multilayers  becomes  a  single 
coupled  system,  the  spin  waves  may  propagate  through  the 


nonmagnetic  layers,  and  the  standing  spin-wave  modes  are 
sustained  by  the  whole  film.  Thus,  the  wavelength  of  the  spin 
wave  can  be  increased  by  one  or  two  orders  of  magnitude, 
and  the  SWR  may  be  excis’d  and  observed.  Wigen  et  al" 
observed  SWR  in  Fe/Pt  multilayer  films  by  FMR  measure¬ 
ments  and  found  that  there  is  a  s  gnificant  phase  change  oc¬ 
curring  within  the  Pt  layers. 

In  Fe/Cu  multilayers,  we  found  that  when  the  external 
field  is  parallel  to  the  plane  of  the  film,  only  one  resonance 
peak  was  observed  in  the  FMR  measuiements.  However, 
when  the  magnetic  field  is  perpendicular  to  the  surface,  the 
FMR  spectra  consist  of  at  least  two  peaks  for  d<28  A.  Fig¬ 
ure  2  shows  the  FMR  spectra  of  a  [Fe(22  A)/Cu(17  A>JV, 
CMF  for  the  external  field  perpendicular  to  the  film  plane. 
For  the  multilayers,  it  is  reasonable  to  assume  that  both  odd 
and  even  numbers  of  the  spin-wave  modes  can  be  excited 
due  to  the  inhomogeneity  across  the  thickness  of  the  film  or 
different  pinning  conditions  on  both  surfaces.  The  inset  in 
Fig.  2  shows  the  relation  of  the  nth  resonance  field  to  n:  for 
samples  having  Cu  thickness  d= 8,  12.  and  17  A  The  sepa¬ 
ration.  H„-H | ,  between  the  positions  of  the  nth  and  the  first 
peak  is  approximately  proportional  to  (n:-  1 ),  that  is.  trie  n2 
law. 

The  magnetic-field  separations  bet'  >en  the  modes  are 
much  too  small  to  be  accounted  for  by  spin-wave  modes 
confined  to  the  individual  magnetic  layers,  but  they  can  be 
fitted  if  we  assume  that  the  Fe  layers  are  coupled  Igelber  by 
an  interlayer  exchange  coupling,  and  that  the  spin  waves 
extend  across  the  whole  multilayer  sample.  The  propagation 


H*,,.  I  KOI 


FIG.  2.  FMR  spectrum  of  a  [Fcl22  A)/Cul  17  A)]w  CMF.  Inset:  The  relation 
of  the  nth  resonance  field  H„  vs  n 1  for  [Fr‘i-  Al/Cu(d,u>]^,  CMFs  with 
d„= 8.  12,  and  17  A. 
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FIG.  3.  8k  spectra  of  Fc/Ag  CMFs.  Dots  are  experimental  results.  Lines  are 
calculated  results  with  and  without  the  spin  polarization  of  the  Ag  included. 

of  spin  waves  through  the  Cu  layers  inplies  the  existence  of 
spin  polarization  within  the  Cu. 

MOKE  OF  Fe/Ag  CMFs 

If  the  nonmagnetic  layers  in  multilayers  are  spin  polar¬ 
ized,  this  should  give  an  additional  MO  activity.  Our  theo¬ 
retical  study  of  the  MO  spectra  of  Fe/Ag  demonstrated  that 
the  conduction  electrons  of  Ag  are  spin  polarized,  and  give 
an  additional  MO  activity.7 

Figure  3  shows  the  experimental  and  theoretical  MO 
spectra  of  Fe/Ag  CMFs.  The  dots  are  experimental  values 
and  the  lines  are  calculated  results.  An  interesting  feature,  as 
we  can  see  from  the  experimental  dots,  is  that  with  a  reduc¬ 
tion  of  the  modulation  length,  0*  increases  for  longer  wave¬ 
lengths  and  decreases  for  shorter  wavelengths.  For  compari¬ 
son  with  theory,  first,  a  numerical  calculation  of  the  0t 
spectra  is  made  based  on  Fresnel's  formula  by  assuming  that 
the  Ag  layers  have  no  spin  polarization  and  no  additional 
MO  activity.  As  seen  from  the  figure,  the  change  of  the  cal¬ 
culated  0t  spectra  with  a  variation  of  the  modulation  length 
differs  from  that  of  the  experiment.  6k  decreases  with  de¬ 
creasing  modulation  length  over  the  whole  wavelength 
range.  This  disagreement  with  experiment  can  be  corrected  if 
an  additional  MO  activity,  caused  by  the  spin  polarization  of 
the  Ag  layers,  is  assumed  as  follows. 

if  the  spin-up  and  spin-down  conduction  electrons  of  Ag 
are  split  in  energy  by  ftoi*,,  they  will  give  rise  to  an  additional 
wavelength-dependent  MO  effect,  which  can  be  described  by 
the  Drude  model.7  This  gives  a  dielectric  constant  of  the 
form 

e*r  ru[(<a  — iy)2  — ojq]  '  4 ' 

where  for  the  plasma  frequency  hwp= 4  eV,  and  for  the  re¬ 
laxation  frequency  hy=  0.02  eV  for  Ag.  This  is  the  formula 
used  by  Krinchik8  in  his  discussion  of  the  MOKE  of  Fe,  Co, 
and  Ni  with  hw0=eH,/mc1]c.  H,  is  the  internal  effective 


magnetic  field  due  to  spin  polarization,  which  is  responsible 
for  the  splitting  of  the  plasma  edge  for  right  and  left  circu¬ 
larly  polarized  light. 

According  to  Moodera  el  al„v  the  exchange  splitting  of 
the  conduction  band  of  a  paramagnetic  metal  adjacent  to  a 
ferromagnet  is  given  by 

A£pu»=  d  +  a  A£Fe;  (5) 

A£ Fe  is  the  exchange  splitting  of  the  conduction  bands  of  Fe, 
A£Fe=0.90  eV.8  a  is  the  cube  root  of  the  atomic  volume  of 
iron,  a  =2.28  A,  and  d  is  taken  as  the  thickness  of  each 
individual  Ag  layer  in  the  CMF.  For  our  calculation,  we  use 
Eq.  (4),  assuming  an  average  magnetization  within  the  Ag 
layers,  where  o>u  is  obtained  by  setting  ft<uj)=A£p,r,  from  Eq. 
(5).  This  gives  <ud=  185  and  33  meV  for  the  Fe(10  A)/Ag(10 
A)  and  Fe(60  A)/Ag(60  A)  CMFs,  respectively.  As  seen  from 
the  figure,  the  calculated  spectra  fit  the  experimental  data 
surprisingly  well.  The  calculation  cannot  be  rigorously  justi¬ 
fied  at  this  stage,  and  further  theoretical  study  is  warranted. 
Also,  for  samples  this  thin,  one  needs  to  consider  the  contri¬ 
butions  from  any  Fe/Ag  interdiffusion. 

The  value  of  the  spin  polarization  of  Ag  is  estimated 
from  the  band  splitting  in  Eq.  (5)  to  be  1.4%  for  the  Fe(10 
A)/Ag(10  A)  CMF.  In  our  numerical  calculations,  a  positive 
<o„  was  assumed,  opposite  to  that  in  Fe,  Co,  and  Ni,  in  order 
to  fit  the  experimental  results.  This  suggests  that  the  average 
direction  of  the  magnetization  of  Ag  is  opposite  to  that  of  Fe. 

Here,  we  would  like  to  point  out  that  in  Co/Cu  and 
Co/Au  CMFs.1011  no  additional  MO  activities  of  the  Au  and 
Cu  were  observed.  Nevertheless,  our  preliminary  studies  of 
FeSi/Cu  CMFs  suggest  an  additional  magneto-optical  activ¬ 
ity  of  Cu  with  a  Cu  thickness  of  about  10  A.12  Further  ex¬ 
perimental  and  theoretical  studies  in  this  area  are  needed. 

This  work  in  China  is  supported  by  the  NNSFC,  SEC, 
and  the  State  Key  Laboratory  of  Magnetism.  In  the  USA  the 
work  is  supported  in  part  by  National  Science  Foundation 
Grant  No.  DMR-9120274. 
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Growth  temperature  dependence  of  biquadratic  coupling  in  Fe/Cr(1 00) 
superlattices  studied  by  polarized  neutron  reflectivity  and  x-ray  diffraction 
(abstract) 

M.  Schafer,  J.  A.  Wotf,  and  P.  Grunberg 

NIST,  Reactor  Radiation  Division,  Gaithersburg  Maryland  20899 

J.  F.  Ankner,  A.  Schreyer,  and  H,  Zabel 

Fakultdt  fur  Physik  und  Astronomic,  Ruhr  Universitdi  Bochum,  D-4630  Bochum  Germany 

C.  F.  Majkrzak 

NIST,  Reactor  Radiation  Division,  Gaithersburg,  Maryland  20899 

We  have  measured  the  polarized  neutron  specular  reflectivity  of  superlattices  of  nominal 
composition  (5.0  nm  Fe/1.7  nm  Cr)  grown  by  molecular-beam  epitaxy.  This  chromium  thickness 
lies  at  a  minimum  of  the  oscillatory  bilinear  (180°)  coupling  parameter,  so  these  films  are  especially 
sensitive  to  biquadratic  (90°)  terms.  One  set  of  films  was  grown  at  a  substrate  temperature  of  293 
K  and  another  at  593  K.  Using  neutron  reflection,  we  find  that  the  films  grown  at  523  K  exhibit  a 
90°  magnetic  moment  rotation  between  successive  Fe  layers,  while  the  293  K  films  are  remanemly 
ferromagnetically  ordered  in  small  applied  fields  (ff  =  1.7  mT).  Furthermore,  we  have  observed  that 
films  grown  at  elevated  temperature  exhibit  a  larger  amount  jf  diffuse  x-ray  scattering  due  to 
conformal  roughness  than  those  grown  at  room  temperature.  These  results  suggest  that  the 
biquadratic  coupling  could  be  induced  by  the  structure  of  the  interfaces.  We  will  also  present  the 
field  and  temperature  dependence  of  the  neutron  reflectivity  from  the  biquadratic  films. 
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Picosecond  pulsed-field  probes  of  magnetic  systems  (invited) 

M.  R.  Freeman 

IBM  Research  Division,  T.  J.  Watson  Research  Center,  P.O.  Box  218,  Yorktown  Heights,  New  York  10598 

Time-resolved  methods  using  picosecond  scale  transient  magnetic  fields  have  been  developed  for 
investigations  of  ultrafast  magnetic  phenomena  in  a  broad  variety  of  systems.  When  combined  with 
synchronous  magneto-optic  detection,  the  approach  yields  stroboscopic  observations  of  magnetic 
dynamics  with  a  time  resolution  of  order  1  ps,  and  a  corresponding  spatial  resolution  down  to  the 
diffraction  limit  of  optics.  Results  are  presented  from  experiments  on  europium  chalcogenide  films 
at  low  temperatures.  A  continuum  of  behavior  from  paramagnetic  relaxation  to  ferromagnetic 
resonance  is  observed.  Electron-beam  deposited  EuS  films  are  found  to  have  surprisingly  fast 
spin-lattice  relaxation  rates,  of  order  (100  ps)-1,  and  the  influence  of  spin-orbit  interactions  on  the 
spin  dynamics  is  studied  through  rare-earth  alloying.  Results  are  presented  from  experiments 
utilizing  the  magneto-optic  sampling  method  for  direct  time-resolved  screening  measurements  of 
normal  and  superconducting  metal  films. 
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I.  INTRODUCTION 

A  growing  trend  in  magnetism  research  in  recent  years 
has  been  towards  studies  of  high  speed  phenomena,  driven 
by  both  scientific1  and  technological2  interest  in  smaller  and 
faster  structures.  Among  the  most  significant  developments 
in  this  area  has  been  the  realization  that  it  is  possible,  in 
magnetics,  to  take  advantage  of  some  of  the  advances  in 
optics  that  have  enabled  the  effectively  “real-time”  observa¬ 
tion  of  transient  phenomena  on  unprecedented  scales,  cor¬ 
responding  to  femtosecond  times  or  terahertz  frequencies.1 
The  primary  goal  of  these  efforts  is  an  improved  understand¬ 
ing  of  nonequilibrium  behavior,  which  often  requires  de¬ 
tailed  physical  information  not  reflected  in  equilibrium  prop¬ 
erties.  Time-resolved  experiments  are  designed  to  directly 
measure  the  dynamical  evolution  (away  from  or  towards 
equilibrium)  of  systems  in  response  to  sudden  perturbations. 
The  earliest  work  of  this  nature  on  an  explicitly  magnetic 
problem  concerned  spin  dynamics  in  dilute  magnetic  semi¬ 
conductors,  and  utilized  the  fact  that  an  optically  induced 
magnetization  can  be  generated  in  these  materials.3  How¬ 
ever,  many  systems  of  interest  are  not  amenable  to  such  ex¬ 
citation,  creating  motivation  to  develop  alternative  means  of 
driving  systems  away  from  equilibrium  quickly  on  the  time 
scale  of  the  dynamical  processes  to  be  investigated.  Fortu¬ 
nately,  it  is  possible  to  import  a  widely  exploited  tool  used  to 
generate  electromagnetic  transients  in  time-resolved  studies 
of  electronic  phenomena4  —namely,  the  photoconductive  (or 
Auston)  switch.5  Specifically,  picosecond  pulsed  magnetic 
fields  can  be  generated  and  applied  to  the  study  of  magnetic 
dynamics,  including  relaxation  and  resonance  in  regimes 
which  extend  beyond  the  scope  of  conventional  microwave 
techniques.6  In  such  experiments,  an  optically  triggered  mag¬ 
netic  field  transient  is  propagated  past  the  sample  under 
study,  perturbing  the  srin  '■ystem,  and  the  subsequent  evolu¬ 
tion  of  the  spin  system  monitored  through  its  interaction 
with  a  time-delayed  op'ical  probe  beam.  The  detection 


schemes  themselves  are  nonresonant,  and  are  therefore  very 
useful  for  field-dependent  and  nonlinear  phenomena.  In  ad¬ 
dition,  optical  detection  makes  it  possible  to  probe  micro¬ 
scopic  specimens  without  incurring  a  penalty  of  poor  cou¬ 
pling  to  the  sample.  Beyond  studies  of  purely  magnetic 
systems,  the  methods  also  lend  themselves  to  the  monitoring 
of  lime-dependent  magnetic  behavior  in  many  other  in¬ 
stances,  as  illustrated  by  the  case  of  magnetic  flux  dynamics 
in  nonequilibrium  superconductors.7 

II.  PICOSECOND  MAGNETO-OPTIC  SAMPUNG 
A.  Experimental  details 

The  measurements  are  performed  in  a  conventional  stro¬ 
boscopic  optical  “pump-probe"  fashion,  in  which  the  sample 
is  first  driven  from  equilibrium  by  an  excitation  pulse  (here 
the  transient  magnetic  field)  and  subsequently  interrogated  in 
a  narrow  time  window,  after  a  controllable  delay,  by  a  pico¬ 
second  probe.  Essential  features  of  the  experimental  configu¬ 
ration  are  illustrated  schematically  in  Fig.  1.  An  above- 
bandgap  optical  pulse  from  a  picosecond  dye  laser  strikes  a 
biased  coplanar  transmission  line  structure,  fabricated  on  a 
semi-insulating  semiconductor  substrate,  to  create  a  transient 
photoconductivity  and  launch  a  current  pulse  down  the  trans¬ 
mission  line.  Associated  with  this  current  is  a  transient  mag¬ 
netic  field  normal  to  the  plane,  in  the  gap  between  the  wires. 
Illuminating  the  transmission  line  at  an  open  end  takes  ad¬ 
vantage  of  the  instantaneous  reflection  to  double  the  current. 
Lithographic  coil  structures  may  be  used  to  obtain  somewhat 
larger  or  more  homogeneous  fields  when  longer  transition 
times  are  acceptable.  The  devices  are  mounted  on  a  chip 
carrier  and  electrically  connected  to  an  external  bias  source 
through  wire  bonds.  The  magnetic  response  of  a  sample  sub¬ 
ject  to  this  transient  field  is  probed  optically  by  a  second 
laser  pulse,  produced  by  beam-splitting  (or,  in  the  case  of 
two-color  experiments,  by  a  second  synchronously-pumped 
dye  laser),  and  time-delayed  with  respect  to  the  first.  In  a 
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FIG.  1.  Schematic  of  the  picosecond  magneto-optic  sampling  chip,  showing 
the  coplanar  transmission  line  and  the  arrangement  of  pump  beam,  probe 
beam,  and  sample. 


wide  variety  of  materials  the  component  of  magnetization 
along  the  ^-vector  of  the  probe  light  can  be  measured  via  a 
polarization  (Faraday  or  KetT)  rotation  or 
magneto-absorption.8  Such  resonant  optical  effects  are  ideal 
as  they  allow  the  magnetization  to  be  sampled  in  an  interval 
as  narrow  as  the  optical  pulse.  By  scanning  the  relative  ar¬ 
rival  time  of  the  two  laser  pulses  with  an  optical  delay  line, 
the  complete  time-dependent  magnetic  response  of  the 
sample  is  recorded.  In  common  with  other  stroboscopic  op¬ 
tical  measurements,  a  bandwidth  of  order  1  THz  is  obtained 
in  a  system  for  which  electrical  signals  no  faster  than  1  kHz 
need  be  manipulated,  making  adaptations  to  cryogenic,  UHV, 
and  other  specialized  environments  straightforward.  Related 
magnetic  methods  employing  cw  microwave  excitation  and 
optical  detection  have  been  reported.9,10 

The  propagating  current  pulse  itself  can  be  characterized 
by  a  correlation  measurement  at  a  tap  point  along  the  trans¬ 
mission  line.  When  the  optical  probe  strikes  the  gap  between 
the  tap  electrode  and  the  transmission  line  conductor,  a  por¬ 
tion  of  the  current  pulse  is  diverted  into  the  sense  line.  One 
of  the  strengths  of  the  photoconductive  switch  approach  de¬ 
rives  from  the  great  flexibility  in  tuning  the  pulse  profile 
through  the  choice  and  preparation  of  the  semiconductor  ma¬ 
terial.  The  rise-time  of  the  current  pulse  is  limited  by  a  com¬ 
bination  of  the  laser  pulse  width  and  the  (nonequilibrium) 
photocarrier  mobility.  The  decay  time  constant  is  generally 
determined  for  direct-bandgap  semiconductors  by  the  carrier 
lifetime  (dominated  by  surface  recombination),  and  for 
indirect-gap  materials  by  the  bias-dependent  carrier  sweep- 
out  time  (which  leads  to  a  more  rectangular  than  exponen¬ 
tially  decaying  tail).  The  carrier  lifetime  may  be  adjusted 
over  a  wide  range  to  suit  the  application,  employing  surface 
passivation  schemes  or  ion  implantation,  respectively,  to  in¬ 
crease  or  decrease  the  time  constant.  In  the  present  work  we 
are  usually  interested  in  the  response  to  step-function  like 
excitations,  with  typical  pulsed  field  amplitudes  of  order  30 
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FIG.  2.  Magnetic  relaxation  of  a  120  am  thick  undoped  EuS  film,  measured 
in  response  to  field  pulses  generated  on  an  InP  device  with  a  current  decay 
lime-constant  of  920  ps. 

G  produced  using  transmission  line  structures  with  lateral 
dimensions  of  order  100  fim. 

B.  Results  for  EuS-based  thin  Dims 

The  availability  of  fast  pulsed  fields,  combined  with  the 
ability  to  optically  detect  a  specific  component  of  the  mag¬ 
netization,  lends  itself  naturally  to  detailed  measurements  of 
magnetic  relaxation  and  resonance  on  short  time  scales.  The 
europium  chalcogenides  represent  an  ideal  model  system  for 
such  studies,  as  they  allow  the  systematic  exploration  of 
problems  of  interest  such  as  the  effect  of  spin-orbit  interac¬ 
tions  on  the  spin  dynamics.  Furthermore  these  materials  have 
convenient  Curie  temperatures  for  studies  of  dynamical  ef¬ 
fects  at  the  ferromagnetic  phase  transition,  and  display  strong 
magneto-optic  activity. 

For  the  determination  of  longitudinal  spin  relaxation 
times,  a  step-function-like  magnetic  field  change  is  applied, 
and  the  component  of  magnetization  parallel  to  that  field  is 
measured.  The  method  is  capable  of  determining  much 
shorter  7ys  than  can  be  measured  by  other  means.  In  the 
case  of  longitudinal  paramagnetic  relaxation  according  to  a 
single  exponential  time  constant  T,,  the  magnetization,  M, 
follows  a  time- varying  magnetic  field,  H(t),  according  to 

*(»)=* -=H  W)*"7' 

1  j  Jo 

where  \  is  the  magnetic  susceptibility. 

Figure  2  shows  such  a  relaxation  measurement  for  a  thin 
EuS  film  at  low  temperatures.  This  time-resolved  measure¬ 
ment  is  performed  using  an  InP  photoconductive  device  hav¬ 
ing  a  carrier  lifetime  close  to  1  ns,  and  the  data  can  be  fit  to 
determine  the  Tt  of  the  EuS,  in  this  case  120  ps.  The  mate¬ 
rial  is  grown  by  electron  beam  depositioa,11  and  standard 
characterizations  indicate  the  quality  to  be  high,  finding  a 
bulk-like  Curie  temperature,  Te=  16  K,  a  high  resistivity 
(0.2  fl  cm  at  room  temperature),  and,  from  x-ray  diffraction, 
the  EuS  lattice  constant.  However,  the  measured  T,  is  sev¬ 
eral  orders  of  magnitude  shorter  than  expected  for  the 
Eu2+,  an  S-state  ion  with  negligible  spin -orbit  coupling.  The 
mechanism  responsible  for  this  rapid  relaxation  has  not  been 
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PIG.  3.  Modification  of  the  spin  dynamics  due  to  spin-otbit  interactions 
illustrated  by  a  comparison  of  tbe  response  of  an  undoped  EuS  film  to  one 
Containing  5%  Tb. 


identified,  although  impurity-mediated  relaxation  seems  the 
most  likely  candidate.  Unexpectedly  short  T,’s  have  also 
been  indicated  in  another  Eu2*  system.12  The  low  frequency 
magnetic  susceptibility  is  measured  simultaneously  through 
the  modulation  of  the  optical  signal  produced  by  a  low  fre¬ 
quency  ac  magnetic  field,  which  is  particularly  useful  in 
studies  of  magnetic  field  and  temperature  dependence.  We 
find  that  the  time-resolved  signal  at  fixed  delay  is  nearly 
proportional  to  the  low  frequency  susceptibility  as  a  function 
of  temperature,  directly  indicating  that  the  relaxation  time  is 
not  strongly  temperature  dependent.  Another  implication  of 
this  finding  is  that  no  sharp  indication  of  Tc  is  reflected  in  the 
temporal  response  (which  allows  us  to  reasonably  model  the 
data  of  Fig.  2  by  the  simple  form  despite  the  fact  that  the 
sample  temperature  is  less  than  Tc).  The  nonequilibrium  be¬ 
havior  of  the  spontaneous  magnetization,  M, ,  contributes  an 
additional  component,  growing  continuously  with  Af , ,  and 
dependent  on  the  magnetic  history  of  the  sample  as  reflected 
in  the  domain  structure.  At  short  delay  times  such  a  response 
appears  as  additional  signal  clearly  not  due  to  simple  spin 
relaxation. 

When  Tb  is  doped  into  the  EuS  films  to  deliberately 
introduce  a  spin-orbit  coupling,  the  spin  dynamics  are  dra¬ 
matically  altered,  as  anticipated.  The  spin-lattice  relaxation 
times  become  much  shorter,  as  illustrated  in  Fig.  3.  An  un¬ 
anticipated  consequence  of  tbe  Tb  doping  is  a  very  large 
elevation  of  Tc , 11  which  in  the  present  context  makes  the 
spontaneous  magnetization  effects  significant  over  a  broader 
temperature  range.  In  order  to  explore  these  effects  we  con¬ 
trol  the  domain  structure  with  an  in-plane  static  magnetic 
field,  and  observe  the  evolution  of  tbe  domain  modes  into 
well-defined  ferromagnetic  resonances  in  fields  strong 
enough  to  uniformly  magnetize  the  samples. 

With  the  sample  magnetization  aligned  along  an  in-plane 
magnetic  field,  the  time-resolved  magneto-optic  sampling 
probe  acts  as  a  very-high  bandwidth  probe  of  magnetic  reso¬ 
nance,  featuring  the  advantages  of  time-domain  or  pulse 
magnetic  resonance  spectroscopy  over  its  continuous  wave 
counterpart.  For  example,  nonequilibrium  spin  populations 
may  be  prepared  to  generate  echoes  revealing  intrinsic  spin 
relaxation  rates,  and  signals  covering  a  broad  frequency 
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FIG.  4.  The  evolution  of  the  resonant  response  of  a  120  nm  thick  EuS  film 
at  T  =  2.1  K  as  a  function  of  tbe  in-plane  applied  magnetic  field. 


range  are  collected  simultaneously.  The  high  bandwidth  of 
the  optical  technique  has  been  used  to  directly  detect  free 
induction  decays  up  to  200  GHz,  and  optical  detection  fur¬ 
thermore  permits  efficient  coupling  to  very  small  sample  di¬ 
mensions.  Under  optimum  conditions  the  flux  sensitivity  of 
this  method  can  approach  that  of  an  rf  superconducting  quan¬ 
tum  interference  device  (although  for  most  practical  applica¬ 
tions  this  is  too  generous  a  comparison,  as  the  energy  sensi¬ 
tivity  of  the  magneto-optic  material  is  far  less  owing  to  its 
high  permeability).  Another  major  advantage  of  the  optical 
readout  comes  in  the  form  of  perfect  isolation  from  the  tip¬ 
ping  pulse,  as  the  immunity  of  the  optical  probe  to  stray 
pick-up  from  the  pump  pulse  eliminates  the  "dead-time”  be¬ 
tween  when  the  tipping  of  the  spins  and  when  signal  record¬ 
ing  may  commence. 

In  this  configuration,  the  transient  magnetic  field  pulses 
apply  a  torque  to  the  sample  magnetization  vector  to  cause  it 
to  rotate  in  the  plane,  away  from  the  static  field.  Each  current 
pulse  is  effectively  a  half  cycle  of  radiation  over  a  broad 
range  of  frequencies.  For  a  given  magnetic  field,  the  tipping 
angle  is  proportional  to  the  spectral  density  in  the  pulse  on 
resonance,  where  the  spectral  function  is  tbe  Fourier  trans¬ 
form  of  the  temporal  pulse  profile.  Following  the  tipping 
pulse,  the  transverse  component  of  the  magnetization,  freely 
processing  about  the  static  magnetic  field,  is  detected  opti¬ 
cally,  and  the  entire  free  induction  decay  mapped  out  by 
scanning  the  relative  arrival  time  of  pump  and  probe  pulses. 

Field  dependent  measurements  of  the  ferromagnetic 
resonance  in  a  thin  EuS  film  at  T=2.I  K  by  this  technique 
are  shown  in  Fig.  4,  and  illustrate  the  ability  of  this  method 
to  track  tbe  resonant  frequency  and  spin  relaxation  continu¬ 
ously  with  applied  magnetic  field  with  picosecond  resolu¬ 
tion.  Again  we  emphasize  that  this  nonresonant  method  is 
capable  of  measuring  arbitrarily  damped  resonances,  includ¬ 
ing  those  having  much  broader  line  widths  than  can  be  mea¬ 
sured  by  frequency-  or  field-sweep  techniques.  In  applied 
magnetic  fields  greater  than  ~  1  kOe  tbe  EuS  films  are 
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FIG.  5.  Tlie  ferromagnetic  resonance  frequency  of  toe  EuS  film  of  Fig.  4  as 
a  function  of  tbe  magnetic  field. 

uniformly  magnetized,  and  the  observed  resonant  frequency, 
f,  is  in  accordance  with  the  Kittel  relation,13 

fMir)  wh+4*m,)i 

with  the  static  field,  H,  in  the  plane.  This  is  shown  in  Fig.  5 
The  g-factor,  g,  is  2  for  EuS,  and  nB,h  respectively  are  the 
Bohr  magneton  and  Planck's  constant.  The  solid  line  in  the 
plot  is  a  fit  yielding  4ttMs=  1 3  kOe,  the  saturation  magne¬ 
tization  of  the  EuS  film  well  below  Tc . 

The  zero-field  signal  in  Fig.  4  is  a  superposition  of  lon¬ 
gitudinally  relaxed  magnetization  and  precessing  spontane¬ 
ous  magnetization.  The  low-field  domain  behavior  can  be 
separated  out  more  cleanly  in  systems  with  much  longer  re¬ 
laxation  times.  The  ability  to  probe  areas  smaller  than  the 
domain  size  in  this  case  brings  a  unique  advantage  to  the 
study  of  the  inhomogeneously  broadened  resonance  of  the 
nonuniformly  magnetized  state,  in  contrast  to  more  conven¬ 
tional  magnetic  resonance  techniques  which  lack  the  spatial 
resolution  of  this  approach.  We  have  studied  resonance 
within  single  domains  of  demagnetized  yttrium-iron-gamet 
films,14  and  are  currently  employing  near-field  techniques15 
to  record  spatial  maps  of  single-domain  particles  when  they 
are  driven  out  of  equilibrium.16 

III.  NONEOUiUBRIUM  SUPERCONDUCTIVITY 
STUDIED  BY  A  PAST  MAGNETIC  PROBE 

Additional  motivation  for  developing  the  methods  de¬ 
scribed  above  stems  from  their  applicability  to  a  wide  range 
of  magnetically  active  systems  in  which  a  detailed  under¬ 
standing  of  the  dynamics  requires  direct  investigation  using 
probes  which  simultaneously  combine  sufficient  temporal 
and  spatial  resolution.  It  would  be  of  great  interest,  for  ex¬ 
ample,  to  directly  observe  on  a  local  scale  the  intrinsic  dy¬ 
namics  of  magnetic  flux  threading  superconductors  to  help 
elucidate  such  long-standing  and  complex  issues  as  pattern 
formation  in  the  type  I  intermediate  state.1718  As  a  significant 
step  in  this  direction,  the  flux  dynamics  of  nonequilibrium 
superconductors  has  been  studied  through  a  simple  adapta¬ 
tion  of  the  time-resolved  magnetic  relaxation  experiments.7 
Specifically,  a  transient  nonequilibrium  state  is  driven  by 
heating  the  electron  gas  at  optical  frequencies  by  picosecond 
laser  pulses,  and  flux  motion  in  this  regime  is  recorded  by 
magneto-optic  sampling.  Magneto-optic  sensors  have  long 

J.  Appt.  Phys..  Vat.  75.  No.  10, 15  May  1904 


Time  (ns) 


FIG.  6.  A  time-domain  screening  measurement.  The  open  circles  show  the 
sensor  (100  nm  EuS/ 10“%  BaF2)  calibration,  while  the  filled  circles  indicate 
bow  tbe  field  pulse  is  screened  by  the  eddy  currents  in  a  100  nm  thick 
normal  state  Pb  film. 


been  used  for  the  imaging  of  flux  structures  in 
superconductors;19  what  is  novel  here  is  their  use  on  fast 
enough  time  scales  to  observe  nonequilibrium  phenomena. 
Previously  this  regime  has  been  accessible  only  through 
transport  measurements,20  which  constitute  a  qualitatively 
different  probe  yielding  complementary  information,  and  are 
for  example  insensitive  to  nonequiiibrium  phenomena  in¬ 
volving  changes  in  the  magnetic  flux  distribution  threading  a 
superconductor. 

Our  experimental  geometry  consists  of  a  superconduct¬ 
ing  sample  film  sandwiched  between  a  lithographic  field  coil 
and  a  thin-film  EuS-based  magneto-optic  sensor.  This  stack 
is  cooled  in  a  0-7  T  split-coil  magneto-optic  dewar.  Local 
changes  in  flux  density  are  recorded  by  the  Faraday  rotation 
on  reflection  from  the  back  of  the  sensor  (here  EuS  diluted 
with  10%  BaF2  to  reduce  Tc)  of  a  weak  (average  power 
<  100  MW)  focused  optical  probe  beam  consisting  of  3  ps 
wide  pulses  delivered  by  a  dye  laser  cavity  dumped  at  19 
kHz.  The  open  symbols  in  Fig.  6  show  a  system  calibration 
taken  before  the  superconducting  film  is  put  in  place,  for  a 
10  ns  duration,  30  Oe  amplitude  magnetic  field  pulse,  plotted 
as  a  function  of  the  optical  probe  delay  relative  to  the  rising 
edge  of  the  field  pulse.  Characterization  of  the  sample  films 
comes  in  pari  from  the  dynamic  screening  response  of  the 
normal  metal.  This  is  shown  by  the  solid  symbols  in  Fig.  6 
for  a  100  nm  thick  Pb  film  held  in  the  normal  state  by  a 
perpendicular  applied  magnetic  field  ( H±  =  1  kOe,  T  =  1.5] 
K)  exceeding  the  critical  field,  HC1  ,  and  measured  using  the 
same  10  ns  duration  field  pulse.  An  eddy-current  decay  time 
of  4.25  ns  is  found,  from  which  the  normal  state  conductiv¬ 
ity,  o-„~  1  x  108S  ■  cm“  \  is  determined  to  be  much  higher 
than  the  measured  dc  conductivity,  a  manifestation  of  the 
inhomogeneous  spatial  distribution  of  scattering  sites  which 
gives  rise  to  a  frequency  -dependent  conductivity.  Within  the 
accuracy  of  the  measurements,  the  screening  response  is  in¬ 
dependent  of  field  for  H1>HC1 .  As  the  measurements  re¬ 
quire  a  nonzero  differential  susceptibility  of  the  sensor,  the 
applied  magnetic  field  range  is  limited  by  the  saturation  field 
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IV.  CONCLUSION 


FIG.  7.  Comparison  of  nonequilibrium  flux  dynamics  for  500  nm  thick  films 
at  T*  1.5  K.  type  1  (pure  Pbi  vs  type  II  (Fbo.Mlfio  os)  msterisJ.  The  extent 
of  flux  penetration  from  the  transient  field  pulse  is  plotted  as  a  function  of 
the  perpendicular  applied  held.  The  inset  illustrates  the  fixed  relative  timing 
of  the  optical  pump,  optical  probe  (delay  =  5  ns),  and  magnetic  field  pulses. 


for  the  magnetization  normal  to  the  plane,  6  kOe  (or 
the  diluted  EuS  films. 

By  configuring  the  pulsed  measurement  to  record  the 
dynamics  for  a  fixed  timing  sequence,  environmental  param¬ 
eters  such  as  the  temperature  or  magnetic  field  may  be 
scanned  in  order  to  map  out  the  response  of  the  supercon¬ 
ducting  state.  For  static  magnetic  fields  below  Hcl ,  and  in 
the  absence  of  optical  electron  heating,  the  penetrating  flux 
signal  vanishes,  indicating  the  expected  slow  decay  of  the 
screening  currents  (because  of  the  unit  demagnetizing  factor 
of  the  geometry,  all  of  the  flux  will  eventually  penetrate,  but 
we  simply  cannot  wait  long  enough  in  this  measurement,  by 
many  orders  of  magnitude).  However,  when  the  supercon¬ 
ductivity  is  weakened  or  destroyed  by  electron  heating  from 
an  optical  pump  pulse  (derived  from  the  same  beam  and 
focused  to  the  same  spot  as  the  probe)  it  is  found  that  there  is 
another  time  constant  governing  the  rate  of  flux  penetration 
in  the  nonequilibrium  regime.  The  motion  of  the  normal/ 
superconducting  interfaces  defining  the  large  multivoitex 
structures  characteristic  of  the  intermediate  star*?  facilitates 
rapid  transport  of  flux,  effectively  allowing  the  flux  density 
in  the  nonequilibrium  state  to  follow  changes  in  the  applied 
field  even  more  quickly  than  in  the  normal  metal  film.  This 
phenomenon  manifests  itself  in  the  pure  Pb  data  of  Fig.  7  as 
the  peak  in  the  response  seen  below  Hcl  ■  for  these  signals 
measured  at  fixed  time-delay,  the  amplitude  of  the  signal  is 
correlated  with  the  time-constant.  It  is  also  to  be  expected 
that  this  behavior  would  depend  sensitively  on  the  type  of 
equilibrium  flux  structure  that  exists  in  the  film.  The  Pb  sys¬ 
tem  is  ideally  suited  to  studies  of  this  point  because  it  is 
easily  converted  into  a  type  Q  material  (characterized  by  flux 
penetration  in  individual,  isolated  vortex  lines)  by  alloying. 
The  very  different  response  of  the  type  II  film  is  also  shown 
in  Fig.  7.  The  critical  field  Hc2  is  substantially  higher  than 
Hcl  of  the  pure  film,  as  in  bulk  material,  but  in  addition  the 
peaked  response  is  not  seen  owing  to  the  absence  of  large 
domains  of  flux  which  are  easily  rearranged. 


In  summary,  we  have  described  how  spin  dynamics  in 
thin  films  can  be  examined  with  a  combination  of 
picosecond-scale  temporal  and  micrometer-scale  spatial 
resolution,  using  photoconductively  generated  picosecond 
pulsed  magnetic  fields.  In  analogy  with  pulsed  laser  studies 
of  electronic  and  electro-optic  phenomena,4  there  is  a  “par¬ 
allel  universe”  of  ultrafast  magnetic  and  magneto-optic  ef¬ 
fects  amenable  to  similar  investigation.  Results  from  experi¬ 
ments  on  europium  ebakogenide  films  have  been  presented 
to  illustrate  measurements  of  magnetic  resonance  and  relax¬ 
ation.  Direct  observations  of  the  very  fast  spin  dynamics 
arising  from  spin  orbit  interactions  are  possible  in  this  case. 
Tune-resolved  studies  of  magnetic  flux  dynamics  in  nonequi¬ 
librium  superconductors,  using  a  simple  adaptation  of  the 
method,  have  also  been  presented.  Our  current  efforts  are 
directed  toward  simultaneously  observing  fine-scale  spatially 
dependent  details,  for  example  within  single-domain  par¬ 
ticles  driven  far  from  equilibrium,  with  the  aid  of  scanned 
probe  techniques.  Detection  by  nonoptical  means,  such  as 
through  transport  properties,  is  also  being  pursued  in  appli¬ 
cations  to  other  magnetic  systems.  An  exciting  evolution  of 
these  methods  may  be  anticipated,  as  each  advance  in  spatial 
resolution,  temporal  resolution,  or  sensitivity  creates  new  op¬ 
portunities  to  studying  magnetic  dynamics  in  detail. 
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We  have  developed  a  new  femtosecond-resolved  optical  technique  with  which  one  may  examine 
magnetic  spin  dynamics  in  near-atomic  scale  structures  by  employing  a  highly  sensitive,  ultrafast 
measurement  of  the  Faraday  rotation.  We  apply  this  spectroscopy  to  novel  band-gap-engineered 
II- VI  diluted  magnetic  semiconductor  heterostructures  of  two  types  to  demonstrate  the  ability  to 
simultaneously  monitor  electronic  and  magnetic  interactions  in  a  quantum  geometry.  The 
experiments  show  that  these  dynamics  evolve  on  widely  different  time  scales,  and  reveal  the  onset 
and  decay  of  magnetization  due  to  carrier  spin  scattering  with  femtosecond  temporal  resolution  (300 
fs).  Although  photoexcited  carnets  recombine  within  several  hundred  picoseconds,  they  leave 
behind  a  magnetic  “footprint”  that  persists  considerably  longer  and  relaxes  through  an  entirely 
different  spin-lattice  mechanism.  Time-resolved  magnetic  measurements  reveal  the  unusual 
dynamical  properties  of  low-dimensional  systems  incorporating  magnetic  spins  as  compared  to 
traditional  semiconductor  heterostructures. 


I.  INTRODUCTION 

The  interaction  between  charged  carriers  and  magnetic 
species  is  an  important  issue  in  solid  state  science  and  a 
subject  of  considerable  theoretical  and  experimental 
interest.1  This  problem  continues  to  be  actively  investigated 
in  diluted  magnetic  semiconductors  (DMS)  systems  which 
have  proved  to  be  excellent  hosts  in  which  to  explore  this 
physics.2  Despite  several  recent  measurements  of  carrier  spin 
polarization,3  the  microscopic  interaction  between  embedded 
magnetic  and  electronic  spins  remains  poorly  understood. 
Recent  advances  in  the  molecular  beam  epitaxy  of  DMS  al¬ 
loys  have  made  it  possible  to  fabricate  layers  of  these  mate¬ 
rials  with  near-atomic  thickness.  Employing  such  quantum 
geometries  enhances  the  spin  interactions  and  makes  pos¬ 
sible  the  tailoring  of  specific  magnetic  environments  for  de¬ 
tailed  investigation  of  dynamical  behavior.  Moreover,  careful 
placement  of  the  magnetic  species  allows  one  to  separate 
electronic  and  magnetic  behavior  in  a  single  structure.3  In 
addition  to  these  questions,  the  influence  of  scaling  and  di¬ 
mensionality  on  the  magnetic  behavior  of  ultrathin  layers  has 
also  been  contentious,4  and  may  be  studied  in  these  geom¬ 
etries.  To  address  many  of  these  issues,  we  require  an  experi¬ 
mental  tool  that  will  selectively  measure  magnetization  in 
structures  as  thin  as  a  single  magnetic  monolayer  on  the 
timescale  of  individual  spin  reorientation  events. 

Here  we  describe  a  new  technique  that  uses  an  optical 
probe  of  magnetization  to  reveal  spin  dynamics  on  the  fem¬ 
tosecond  and  picosecond  timescales.  This  is  coupled  with 
epitaxially  grown  II- VI  DMS  heterostructures  which  enable 
nanometer-scale  engineering  of  both  electronic  band-gap  and 
magnetic  environment.  Such  high-quality  “spin-engineered” 
samples  provide  an  ideal  laboratory  for  exploring  in  detail 
the  interaction  of  electrons  with  magnetic  ions,  and  of  the 
magnetic  interactions  themselves,  as  the  magnetic  thick¬ 
nesses  is  reduced  to  the  order  of  a  single  monolayer.  In  ad¬ 
dition,  a  judicious  combination  of  magnetic  and  nonmagnetic 


species  may  be  employed  to  construct  novel  heterostructures 
whose  properties  can  be  tuned  with  an  applied  magnetic 
field,  for  example  by  fabricating  magnetic  quantum  wells  or 
alternatively  magnetic  barriers. 

We  concentrate  first  on  sensitive  static  measurements 
that  characterize  the  magnetically  doped  thin  films  (Sec.  II) 
and  proceed  to  examine  their  dynamical  behavior  directly 
(Sec.  III).  Incorporating  optical  methods  allows  a  powerful 
range  of  tools  developed  for  short-pulse  laser  measurements 
to  be  focused  on  magnetic  behavior.  Time-resolved  Faraday 
rotation  is  well-suited  to  address  questions  about  the  dynami¬ 
cal  effects  of  reduced  dimensionality  in  magnetic  layers,  as 
well  as  examining  the  spin  interactions  in  low-dimensional 
electronic  and  magnetic  systems.  We  believe  this  work  can 
be  further  extended  to  metallic  systems  where  electronic  and 
magnetic  interactions  are  also  relevant  such  as  giant  magne¬ 
toresistance  and  spin  switching.5  One  further  application  we 
note  in  conjunction  with  these  spin-engineered  structures  is 
ultrafast  magneto-optic  thermometry  with  millikelvin.  femto¬ 
second  resolution  at  4  K. 

In  the  II- VI  alloys  considered  here,  the  dopant  magnetic 
Mn2+  ions  behave  for  the  most  part  as  independent  paramag¬ 
netic  spins  of  magnitude  S=5/2.2  The  total  magnetization 
induced  in  an  applied  magnetic  field  depends  on  the  thermal 
population  of  the  five  Zeeman-split  states  which  results  in  its 
Brillouin  functional  dependence  on  pBIkT.  An  extremely 
strong  exchange  interaction  between  delocalized  band-edge 
carriers  and  the  localized  electrons  on  each  magnetic  ion 
leads  to  huge  Zeeman  splittings  of  the  band-edge  exciton  at 
low  temperature.  In  addition  to  opportunities  for  scientific 
research,  this  has  led  to  the  strong  interest  in  such  materials 
for  use  in  magneto-optic  applications.  Here  we  show  results 
on  two  different  types  of  II— VI  magnetic  heterostructures 
based  on  the  Zn(Cd,Mn)Se  alloy  system.  We  choose 
ZnMnSe  in  particular  for  its  large  magnetic  interaction 
strength  and  unusual  band-gap  dependence  on  Mn  concen¬ 
tration.  The  first  structure,  termed  the  “spin  superlattice"6 
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FIG.  1.  Schematic  band  diagram  along  the  growth  axis  for  electrons  and 
heavy  holes  at  magnetic  field  B  =0  (left),  and  8>0  (right)  which  Zeeman 
splits  the  band  gaps  (dashed)  in  the  magnetic  regions  (shaded),  (a)  ZnSe/ 
ZnMnSe  spin  super! attkx  structure:  The  spin-up  carriers  spatially  relocate  to 
the  ZnSe  barriers  if  fl>0.5  T.  (b)  ZnCdSe/ZnMnSe/ZnCdSe  DMS  coupled 
double  quantum  well. 


(SSL)  consists  of  alternating  100-A  layers  of  Zn,_,Mn,Se 
magnetic  quantum  wells  (x =8%  or  14%)  and  ZnSe  barriers 
[Fig.  1(a)).  Initially  the  confinement  potentials  in  the  mag¬ 
netic  quantum  wells  are  weak  (depending  on  the  exact  con¬ 
centration  Jt),  but  they  can  be  tuned  as  a  magnetic  field  is 
applied,  resulting  in  greater  (less)  confinement  for  the  spin- 
down  (up)  carriers.  Above  about  0.S  T,  the  spin-up  carriers 
favor  a  spatial  transfer  into  the  ZnSe  barrier  layers,  and  a 
periodic  spin  modulation  results.  In  the  second  sequence  of 
structures,  a  pair  of  40-A  nonmagnetic  Zno.77Cdo.2jSe/ZnSe 
double  quantum  wells  are  coupled  by  a  thin  “field-tunable” 
Zn0.7(jMn024Se  magnetic  barrier  [Fig.  1(b)].  These  allow  us 
to  explore  both  spin  scattering  as  carriers  tunnel  and  the  dy¬ 
namics  of  magnetization  in  reduced  dimensionalities.  All 
these  samples  are  MBE  grown  on  (100)  GaAs  substrates 
with  a  6000-A-thick  buffer  and  2000-A  cap  of  ZnSe.  Layer 
thicknesses  and  magnetic  concentrations  are  determined  by 
standard  methods  and  their  quality  confirmed  by  subsequent 
absorption  and  photoluminescence  spectroscopy  (PL).  We 
use  a  standard  etching  technique  to  remove  the  opaque  GaAs 
substrates8  and  confirm  that  this  PL  remains  unaffected. 

II.  STATIC  MEASUREMENTS 

To  resolve  the  minute  magnetizations  from  thin  magnetic 
layers,  we  adopt  an  extremely  sensitive  and  powerful  exten¬ 
sion  of  the  Faraday  rotation  measurements  commonly  ap¬ 
plied  to  bulk  samples.8  Using  a  modulation  coil  technique, 
we  can  clearly  see  the  magnetization  from  a  few  atomic  lay¬ 
ers  of  magnetic  material.  The  true  spectroscopic  nature  of 
this  measurement  allows  isolation  of  the  specific  magnetic 
interaction  of  interest  over  a  wide  range  of  temperatures  and 


applied  fields,  in  contrast  with  low  noise,  low-field  SQUID 
experiments  previously  used  to  characterize  related  magnetic 
heterostrucnires.9 

We  use  a  mode  locked  Ti:  Sapphire  laser  to  produce  high 
power,  tunable  infrared  pulses  which  are  subsequently  fre¬ 
quency  doubled,  using  a  1-mm-thick  /1-barium  borate  (BBO) 
crystal,  into  the  350-520-nm  wavelength  range  to  match  the 
II— VI  heterostructure  energy  levels  of  interest.  The  probe 
light  is  attenuated  below  100  /aW,  linearly  polarized  and  fo¬ 
cused  through  a  —100- /am  spot  on  the  etched  sample  after 
which  it  is  collected  and  analyzed  in  an  optical  bridge  ar¬ 
rangement.  This  bridge  consists  of  a  Glan-Laser  polarization 
separator  whose  optical  outputs  are  separately  directed  onto 
two  matched,  low-noise  PIN  Si-photodiodes,  the  amplified 
signals  of  which  are  electronically  subtracted  and  further  am¬ 
plified.  The  bridge  is  balanced  when  fed  with  linearly  polar¬ 
ized  light  at  45°  to  the  axes  of  the  Glan-Laser  prism.  Any 
rotation  changes  induced  in  the  probe  polarization  produce 
an  output  signal  which,  to  first  order,  is  uncontaminated  by 
noise  on  the  laser  beam  (this  being  subtracted  out  in  the 
balancing  arrangement).  Hence  even  in  the  presence  of  typi¬ 
cally  5%  intensity  noise  on  the  laser,  millidegree  rotations 
can  be  isolated,  limited  only  by  the  photodiode  dark  currents. 
Our  samples  are  placed  in  a  magneto-optical  cryostat  capable 
of  B  =9  T  and  T=  1 .7-300  K  with  the  incoming  probe  beam 
parallel  to  the  magnetic  field  (Faraday  geometry)  and  to  the 
heterostructure  growth  axis.  In  order  to  separate  out  the  small 
Faraday  rotation  of  the  sample  from  the  relatively  larger  ro¬ 
tations  of  the  cryostat  windows  and  other  field-sensitive  op¬ 
tical  components,  we  utilize  a  coil  modulation  technique.8  A 
5-mm-long,  440  turn  coil,  fabricated  from  60-pjn-diam  su¬ 
perconducting  Nbo.52Tia.1g  or  100- pm  Cu  wire,  is  mounted 
horizontally  on  the  cryostat  insert  and  the  sample  cemented 
to  one  end  of  the  aperture  in  a  strain-free  configuration.  This 
coil  is  calibrated  by  comparing  the  Faraday  signal  produced 
from  a  dc  current  flowing  through  it,  to  that  from  the  cryostat 
superconducting  solenoid.  Using  this  coil,  the  magnetic  field 
at  the  sample  is  weakly  modulated  by  5  mT  at  105  Hz.  In 
addition,  the  probe  beam  is  mechanically  chopped  at  1.1  kHz 
and  by  measuring  the  induced  Faraday  rotation  in  a  phase- 
sensitive  fashion  at  the  sum  of  these  frequencies,  we  select 
solely  that  rotation  induced  by  the  sample.  The  lock-in  dif¬ 
ference  signal,  S,  from  the  optical  bridge  is  proportional  to 
the  derivative  of  the  sample  Faraday  rotation,  ,  with  ap¬ 
plied  field,  B*  We  simultaneously  record  the  individual  de¬ 
tector  intensities  (/„  and  lb)  so  that  the  difference  signal  can 
be  scaled  to  yield  the  normalized  differential  rotation  (NDR): 


NDR= 


/„+/* 


aeF 

W 


U) 


If  this  signal  is  measured  as  a  function  of  applied  field, 
the  total  Faraday  rotation  can  be  reconstituted  by  integration. 
Figure  2  shows  typical  results  at  two  detection  energies  close 
to  the  exciton  absorption  peak  in  a  Zno^MiVosSe/ZnSe  SSL 
sample  (£,=2.80  eV),  demonstrating  both  the  sensitivity  and 
spectroscopic  nature  of  the  measurement.  The  signal  arises 
from  just  1000  A  net  total  of  magnetic  material  and  reveals 
several  features  not  found  in  corresponding  magnetoabsorp¬ 
tion  data.  The  low-field  Verdet  coefficient  is  found  to  be 
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RG.  2.  (a)  Differential  Faraday  rotation  measured  on  a  100  Ay  100  A 
Zno  ^MnoogSe/ZnSc  SSL  sample  at  probe  energies,  £,  above  and  below  the 
zero-field  heavy -bole  exciton  (£,=2.803  eV)  at  4.5  K.  (b)  Integration  of  (a) 
yields  (be  total  sample  Faraday  rotation  and  clearly  shows  the  spin  down 
state  shift  into  view  on  the  low  energy  side  of  the  zero-field  exciton  at 
5  =  1.2  T. 


greater  than  5X105  deg/T  cm  for  certain  detection  energies, 
corresponding  to  the  huge  enhancement  in  g -factor  in  these 
systems.2  The  experimental  sensitivity  of  10'5  deg/G  allows 
us  to  clearly  resolve  rotations  of  1  arc  s.  In  conjunction  with 
the  quantum  structures,  we  achieve  a  magnetic  sensitivity 
difficult  to  obtain  in  a  dc  SQUID  magnetometer.9  We  also 
show  the  zero-field  differential  Faraday  spectrum  of  the  12- 
A-thick  magnetic  barrier  DQW  sample  which  clearly  dis¬ 
plays  the  lowest  excitonic  resonance  (£,=2.53  eV)  from  a 
few  atomic  layers  of  magnetic  alloy  (Fig.  3).  This  result  is 
compared  favorably  to  that  derived  from  a  Kramers-Kronig 
analysis  of  the  magnetoabsorption. 

Since  we  operate  at  a  wide  range  of  applied  fields  and 
temperatures  we  can  follow  the  temperature  dependence  of 
the  magnetization.  We  utilize  this  in  susceptibility  measure¬ 
ments  (equivalent  to  zero-field  NDR)  at  low  temperature  to 


EonpleV) 


FIG.  3.  Differential  Faraday  spectrum  (solid  circles)  and  absorption  (open 
circles)  of  the  12-A  magnetic  DQW  sample  at  5=0  T  and  T =4.5  K.  The 
solid  line  is  die  differential  Faraday  rotation  calculated  from  a  Kramers- 
Kronig  analysis  of  the  magnetoabsorptioo,  suitably  scaled  and  offset. 


FIG.  4.  Experimental  layout  for  dynamic  measurements.  The  output  of  the 
tunable  Ti.sapphire  laser  is  focused  through  a  BBO  crystal  and  the  resulting 
blue  pulses  selected  by  dichroic  filters  which  discard  the  infrared.  The  beam 
is  focused  through  a  pulse-picker  which  selects  I  of  every  N  pulses  at  35% 
efficiency,  before  being  split  into  a  strong  pump  and  weak  probe  beam  at  a 
dielectric  beamsplitter  and  delayed  relative  to  each  other  by  a  computer 
controlled  delay  stage.  The  probe  polarization  is  linear  and  the  Soleil- 
Babinet  variable  retarder  (S-B)  allows  the  pump  to  be  linearly  or  circularly 
polarized. 


investigate  the  magnetic  behavior  of  low-dimensional  mag¬ 
netic  structures.  In  contrast  to  the  bulk  Zn«  iSMito  ^Se  alloy 
which  exhibits  a  spin-glass  phase  transition  around  7  K.10 
even  the  largest  DQW  barrier  thickness  we  examined  (32  A) 
showed  no  clear  signature  of  a  phase  transition  down  to  1 .7 
K.  This  suggests  that  the  phase  transition  is  suppressed  by 
the  reduced  dimensionality  as  has  been  discussed  elsewhere.4 

III.  DYNAMIC  MEASUREMENTS 

Having  characterized  the  static  magnetic  behavior  of 
these  samples,  we  now  demonstrate  a  new  extension  of  the 
technique  to  time-resolved  studies  of  quantum  systems.  We 
use  the  power  of  ultrafast  pump-probe  spectroscopy  to  excite 
electronic  states  of  the  DMS  samples  and  subsequently  probe 
their  Faraday  rotation  some  arbitrary  time  delay  later.  By 
scanning  this  time  delay,  t,  between  pump  and  probe  pulses 
we  are  able  to  map  out  the  electronic  and  magnetic  dynamics 
and  show  they  follow  completely  different  physical  relax¬ 
ations. 

The  same  laser  system  is  used  to  produce  120-fs  pump 
and  probe  pulses  of  identical  wavelength  which  can  be  de¬ 
layed  relative  to  each  other  by  up  to  1  ns  using  a  retroreflec- 
tor  mounted  on  a  compressed-air  delay  stage  (Fig.  4).  Each 
beam  is  separately  mechanically  chopped  before  passing 
through  polarization  optics,  and  then  focused  through  the 
same  lens  into  the  cryostat.  The  two  foci  are  overlapped 
optimally  at  the  sample  and  the  transmitted  pump  beam 
blocked  while  the  probe  passes  through  an  iris  into  the  opti¬ 
cal  bridge  outlined  above.  Because  the  pulses  interact  only  at 
the  sample  we  can  discard  the  previous  coil  technique  and 
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FIG.  5.  Tune -resolved  (a)  Faraday  rotation,  &0f  .  and  (b)  transmission,  AT. 
induced  by  the  pump  pulse  and  taken  simultaneously  on  the 
Zno^MnoagSe/ZnSc  SSL  sample.  The  pump  and  probe  are  collinearly  po¬ 
larized,  r=1.7K,H*lT  and  £ =2.810  eV.  The  solid  lines  arc  exponential 
fils  with  the  lifetimes  shown. 


measure  pump-induced  changes  to  the  Faraday  rotation  at 
the  difference  frequency  of  probe  (1.1  kHz)  and  pump  (397 
Hz)  modulations.  While  the  pump  polarization  can  be  varied 
from  linear  to  circular  using  a  Soleil-Babinet  variable  re¬ 
tarder  in  the  pump  arm,  the  probe  remains  linear,  balanced  at 
45°  to  the  Glan-Laser  prism,  and  always  <  10%  of  the  pump 
intensity. 

As  discussed  below,  the  sample  magnetizations  appear 
extremely  sensitive  to  the  average  light  intensity  so  we  fur¬ 
ther  reduce  this  while  retaining  the  high  peak  powers  by 
externally  pulse  picking  the  output  of  the  Ti  .sapphire  laser 
using  a  LiNbOj  crystal.  This  acousto-optic  crystal  is  driven 
by  380  MHz  rf  wave  packets  which  diffract  every  Nth  pulse 
from  the  7'rcp= 13  ns  repeating  train,  where  N  can  be  varied 
from  8  to  518,  resulting  in  interpulse  delays  from  100  ns  to  7 
fis.  This  is  necessary  to  reduce  the  heating  of  the  spin  system 
which  is  measured  as  a  background  (time-delay  independent) 
component  to  the  induced  Faraday  rotation.  Interference  be¬ 
tween  the  two  beams  near  zero  delay  allows  calibration  of 
the  system  temporal  resolution  as  350  fs.  The  subsequent 
time-resolved  Faraday  rotation  signals,  A0f ,  were  confirmed 
to  originate  only  from  the  sample,  reverse  their  sign  when 
the  applied  field  was  oppositely  directed,  and  depend  on  the 
presence  of  both  pump  and  probe  beams.  In  addition  to 
monitoring  the  Faraday  rotation,  the  sum  of  the  diode  pho¬ 
tocurrents  (/„+/;,)  was  directed  into  a  second  lock-in  refer¬ 
enced  to  the  same  difference  frequency.  This 

records  the  pump-induced  change  in  sample  transmission, 
A7-,  and  simultaneously  identifies  the  carrier  lifetime. 

Initial  experiments  were  performed  on  a 
Zno.92Mno.ogSc/ZnSe  SSL  sample  using  collinearly  polarized 
pump  and  probe  beams.  The  pump  excites  different  spin- 
down  and  spin-up  carrier  concentrations  at  nonzero  field 
since  the  states  are  considerably  Zeeman-split  in  energy 
(A£  -  =  10  me  V/T).  As  seen  in  Fig.  5,  on  longer  time  scales  it 
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is  apparent  that  there  is  a  completely  different  relaxation  pro¬ 
cess  for  the  absorption  and  Faraday  rotation.  The  pump- 
induced  absorption  changes  are  produced  when  sufficient 
carriers  are  optically  injected  to  fill  a  substantial  fraction  of 
the  exciton  density  of  states  and,  by  Pauli  exclusion,  block 
further  absorption  of  probe  photons  into  these  same  states. 
Thus  the  decay  of  the  induced  transmission  reflects  the  re¬ 
combination  of  carriers,  within  100  ps  in  this  sample.  This 
deduction  is  supported  by  time-resolved  photoiuminescence 
performed  on  a  sample  from  the  same  wafer.11 

After  the  carriers  have  recombined,  it  is  traditionally  be¬ 
lieved  that  the  sample  has  reattained  equilibrium.  The  simul¬ 
taneously  recorded  time-resolved  Faraday  signal  shows  that 
this  is  clearly  not  the  case.  Injecting  carriers  instantaneously 
changes  the  magnetization,  presumably  through  spin¬ 
scattering  events  as  the  carriers  cool  so  that  the  effective  spin 
temperature  of  the  Mn’’  spin  system  increases.3  This  spin 
system  cools  as  the  Mn  ’  ’  spins  slowly  reorient  through  a 
spin-lattice  relaxation  over  a  time  scale  at  least  an  order  of 
magnitude  longer  than  the  carrier  lifetime.  Although  the  car¬ 
riers  have  decayed,  they  impart  a  “magnetic  footprint” 
which  persists  far  longer  than  their  lifetime  in  the  structure. 
Hence  we  are  able  to  resolve  the  magnetization  dynamics 
completely  independently  of  the  electronic  dynamics,  both  of 
which  may  be  separately  modified  by  field,  geometry,  and 
heterostructure  type. 

The  above  SSL  data,  taken  without  pulse  picking,  was 
performed  at  1.8  K  in  superfluid  helium  to  reduce  the  back¬ 
ground  heating  signal.  The  improvement  in  signal  to  noise 
when  the  pulse  separation  is  increased  by  a  factor  of  50  is 
apparent  in  Fig.  6  for  the  32-A  magnetic-barrier  DQW.  Cir¬ 
cular  pump  polarizations  are  now  used  to  excite  particular 
carrier  spin  orientations  and  at  zero  field  the  signals  originate 
from  populating  these  specific  spin  states.  The  Faraday  rota¬ 
tion  is  a  function  of  both  the  magnetization,  manifest  as  the 
energy  splitting  ( A£  - )  between  the  two  spin  states,  and  their 
individual  oscillator  strengths  (/.)  which  in  this  case  are 
bleached  by  the  influx  of  excitons.  These  exciton  spin  states 
are  resonantly  excited  as  apparent  from  the  ultrafast  (<200 
fs)  rise  time  of  the  Faraday  rotation.  Examining  the  subse¬ 
quent  relaxation  in  zero  field,  we  find  it  consists  of  two  ex¬ 
ponential  components  of  very  different  time  scales.  The  ini¬ 
tial  fast  decay  (—5  ps)  reflects  carrier  spin  scattering  to  the 
initially  unoccupied  spin  state,  driven  entropically  in  zero 
field  and  thermodynamically  if  B  #0.  However  after  10  ps. 
spin  scattering  appears  to  cease  and  the  longer  decay  times¬ 
cale  (—70  ps)  takes  over,  this  corresponding  well  with  the 
carrier  lifetime  as  measured  by  time-resolved  transmission 
and  independently  measured  time-resolved  photo- 
luminescence. 11  As  a  check,  injecting  carriers  of  opposite 
spin  orientation  only  reverses  the  sign  of  the  measured  rota¬ 
tion  change.  However  if  a  magnetic  field  is  now  applied,  this 
symmetry  disappears  since  the  energies  of  the  spin  states  are 
split.  The  results  are  also  shown  in  Fig.  6  with  the  zero  field 
data  for  comparison.  Although  little  change  is  measured  in 
the  carrier  lifetime  by  time-resolved  transmission  and  PL,  a 
residual  Faraday  signal  remains  at  very  long  time  delays  (r 
>500  ps)  as  also  found  in  the  SSL  sample  (Fig.  5).  We 
interpret  this  long-lived  signal  as  a  net  magnetization  change 

Baumberg,  Awschatom.  and  Samarth 


40 - r - —  -r 


Time  delay  (pal 


FIG.  6.  Time-resolved  Faraday  rotation  on  the  32-A  magnetically  coupled 
DQW  at  T~ 4.5  K  and  £  - 1  ,-2542  eV.  (a)  The  initial  50  ps  at  zero 
applied  field  and  B- 4  T  when  injected  with  spin-down  excitons  from  the 
circularly  polarized  pump.  At  B  =0  T.  the  fast  transient  component  (dashed 
curve)  is  due  to  spin  scattering  and  the  slower  component  (dotted  curve) 
from  carrier  recombination,  (b)  Longer  time  scale  comparison  of  spin-up 
and  spin-down  pumped  excitons  at  B  =0,  4  T.  The  magnetic  signature  is  a 
spin-dependent  signal  remaining  beyond  500  ps.  long  after  the  carrieis  have 
decayed. 

reflected  in  AE  *  and  hence  Faraday  rotation.  Further  work  is 
underway  to  understand  the  exact  form  of  the  induced  mag¬ 
netization  dynamics  for  the  different  initial  spin 
distributions.12  Similar  results  are  obtained  for  three  different 
magnetic  tunneling  barrier  widths  (12,24,32  A)  while  no 
magnetically  active  decay  component  is  identified  in  a 
sample  containing  a  nonmagnetic  ZnSe  tunneling  barrier. 
Ongoing  work  shows  that  the  time  scales  also  change  radi¬ 
cally  as  a  function  of  temperature  and  applied  field.  In  addi¬ 
tion,  we  report  elsewhere  the  observation  of  refractive-index 
beats  between  coherently  excited  spin  states.12 

To  demonstrate  the  sensitivity  of  the  Mn2+  spin  system 
to  carrier  heating  we  look  at  very  long  time  delays,  keeping 
the  peak  power  fixed  but  changing  the  interpulse  separation, 
[Fig.  7(a)].  Measuring  the  induced  Faraday  signal  at 
time  delay  r=-5  ps  corresponds  to  measuring  the  signal 
remaining  after  t=NT^-5  ps,  and  this  falls  exponentially 
at  large  N  (7re|„°»5  /js).  At  closer  pulse  separations  this  cu¬ 
mulative  background  builds  up  because  the  signal  has  not 
decayed  before  the  arrival  of  the  next  pulse.  This  background 
signal  is  independent  of  the  initial  carrier  spin,  so  it  appears 
that  acoustic  phonons  emitted  by  the  cooling  carriers  remain 
to  heat  the  Mn2+  spin  system  long  after  carrier  recombina¬ 
tion.  We  also  note  that  S=|  excited  states  of  the  Mn2+  ions, 
previously  identified  with  2  eV  PL  emission13  (observed 
weak)."  in  these  heterostructures),  are  similarly  long  lived 
and  may  be  an  alternative  reservoir  for  this  residual  excita- 
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FIG.  7.  Time-resolved  Faraday  rotation  of  ultra-long-lived  component  mea¬ 
sured  just  before  the  arrival  of  the  next  pump  pulse,  (a)  DOW  sample  with 
24-A  barrier  at  B  =4  T.  T =4.5  K.  and  £  =  £,  =  2.546  eV.  The  pulse  sepa¬ 
ration  is  varied  using  the  pulse  picker  while  the  peak  power  in  the  pulses  is 
kept  fixed.  Solid  line  is  to  guide  the  eye.  (b)  Long  lived  (r^NT^-5  psland 
initial  (  t=  +  1  ps)  signals  from  the  32  A  DOW  sample  at  2  T  and  4.5  K  as  a 
function  of  average  pump  power,  measured  by  changing  either  the  interpulse 
separation  (solid  lines!  or  pump  attenuation  (dashed  lines).  The  signals  ate 
scaled  to  the  same  average  probe  intensily.  The  pulse-picked  experiments 
reported  here  operate  at  average  pump  powers  below  SO  ,uW  where  the 
signal  substantially  exceeds  the  background. 


lion  of  the  spin  system.  In  contrast  to  the  microsecond  be¬ 
havior,  at  one  nanosecond  the  magnetic  signatute  is  spin  de¬ 
pendent  and  so  arises  from  the  initial  spin  scattering  between 
excitons  and  magnetic  ions.  Additionally  we  show  in  Fig. 
7(b),  the  scaling  with  average  pump  power  of  the  initial  tran¬ 
sient  signal  (t=  +  1  ps)  and  the  longlived  background  com¬ 
ponent  (7= -5  ps)  taken  either  by  attenuating  the  pump 
beam  or  reducing  the  pulse  repetition  rate.  This  shows  that 
the  immediate  response  is  linearly  proportional  to  the  initial 
carrier  density  (*7^^)  as  expected  from  the  previous  dis¬ 
cussion.  The  dominant  dependence  of  the  background  on  av¬ 
erage  power  confirms  that  it  originates  from  a  vet j  long- 
lived  component  and  demonstrates  the  necessity  of  pulse 
picking  to  supprer.  the  background  below  the  signal  level. 

This  behavior  also  suggests  one  possible  application  for 
optically  sensed,  ultrathin  paramagnetic  layers  as  an  ultrafast 
probe  of  temperature.  Any  heating  of  the  spin  system  is  mea¬ 
sured  on  optical  time  scales  and  provides  the  lattice  tempera¬ 
ture  at  one  particular  spatial  depth  and  time  in  the  sample. 
The  resolution  of  such  a  thermometer  would  depend  criti¬ 
cally  on  the  temperature  range  of  interest  in  relation  to  the 
temperature  dependence  of  the  susceptibility.  It  should  be 
noted  that  thermal  effects  from  optical  injection  as  reported 
here  are  visible  at  carrier  densities  <10®  cm”2,  significantly 
below  those  normally  associated  with  such  parasitic  effects. 
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tv.  CONCLUSION 


We  have  demonstrated  a  powerful  new  technique  for  us¬ 
ing  Faraday  rotation  to  follow  the  static  and  dynamic  mag¬ 
netization  in  near-monolayer  magnetic  systems  with  a  high 
degree  of  energy  and  temporal  resolution.  These  allow  sen¬ 
sitive  measurements  of  the  magnetization  and  carrier  spin¬ 
scattering  in  spin-engineered  II- VI  quantum  structures  and 
provide  additional  time-resolved  spectroscopic  information 
to  conventional  magnetoabsorption  studies.  Initial  results 
demonstrate  the  entirely  separate  dynamics  of  magnetic  and 
electronic  relaxation  in  such  systems,  and  in  contrast  to  all 
other  optical  probes,  allows  the  measurement  of  magnetiza¬ 
tion  dynamics  long  after  carriers  have  decayed.  The  power  of 
ultrafast  Faraday  spectroscopy  can  be  applied  to  a  host  of 
available  material  systems  and  promises  to  elucidate  theo¬ 
retical  predictions  of  the  magnetic  behavior  in  reduced  di¬ 
mensionality. 
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We  have  measured  the  magnetostrictive  response  of  small  nickel  and  Tbo.3Dyo.7Fe,  %  cylinders  to 
sudden  step  changes  in  applied  magnetic  field  with  a  time-resolved  scanning  fiber  interferometer. 

Spatially  resolved  measurements  reveal  the  nonuniform  distortion  of  the  face  of  the  rod  as  the 
induced  magnetization  propagates  in  toward  the  center.  A  crossover  is  observed,  as  a  function  of 
decreasing  cylinder  diameter,  from  eddy  current-  to  longitudinal  phonon-limited  response  times. 

The  ability  to  characterize  dynamic  magnetostriction  in  small  samples  has  also  enabled  us  to 
perform  time-resolved  measurements  of  fast  transient  signals  with  a  scanning  tunneling  microscope. 

Modulation  of  die  tip-sample  separation  on  short  time  scales  is  provided  by  the  use  of  a  nickel 
magnetostrictive  tip  driven  by  a  local  magnetic  field  coil.  The  technique  offers  a  broadly  applicable 
means  of  obtaining  fast  dynamical  information  in  tunneling  microscopy,  and  is  demonstrated  here 
on  nanosecond  time  scales.  These  experiments  illustrate,  in  the  context  of  magnetics,  the  general 
promise  of  time-resolved  scanning  probe  methods. 


I.  INTRODUCTION 

The  success  of  the  scanning  tunneling  microscope 
(STM)1  has  inspired  the  development  of  a  variety  of  very 
powerful  scanned  probe  techniques.2  To  date,  however,  a  sig¬ 
nificant  limitation  of  these  methods  has  been  an  inability  to 
measure  fast  signals,  such  as  would  arise  from  dynamic  phe¬ 
nomena  at  the  atomic  level  or  in  the  operation  of  nanometer 
scale  electronic  and  mechanical  devices.  Efforts  to  surpass 
this  "speed  limit”  have  recently  become  the  focus  of  increas¬ 
ing  interest.3-5  These  efforts  are  driven  by  the  scientific  and 
technological  applications  for  which  high  temporal  resolu¬ 
tion  is  as  essential  as  the  extreme  spatial  resolution  offered 
by  the  scanned  probes.  Scanned  fiber-optic  probes,  including 
near-field  instruments,6  offer  the  possibility  of  attaining  a 
high  spatial  resolution  while  retaining  much  of  the  flexibility 
inherent  in  optical  techniques,  and  are  natural  candidates  for 
ultrafast  time  resolution.  In  this  paper  we  describe  a  scanned 
fiber  probe  that  is  not  only  capable  of  measuring  sub- 
angstrom  displacements,  but  can  also  follow  the  time  depen¬ 
dence  of  these  displacements  with  picosecond  resolution.7 
We  have  used  this  probe  to  characterize  the  dynamic  magne¬ 
tostrictive  response  of  small  cylinders  of  Tbo.3Dyo7Fe1.95 
(Terfcnol  D)  and  nickel.  In  the  case  of  nickel,  these  measure¬ 
ments  have  enabled  us  to  develop  an  STM  which  incorpo¬ 
rates  a  magnetostrictive  tip,  and  which  is  capable  of  detect¬ 
ing  fast  transient  signals  on  nanosecond  time  scales.8  Taken 
together,  these  new  techniques  represent  substantial  progress 
towards  the  development  of  methods  which  offer  simulta¬ 
neously  high  spatial  and  time  resolution. 

H.  TIME-RESOLVED  FIBER  INTERFEROMETRY 

While  magnetostriction  has  been  thoroughly  investigated 
in  “bulk”  systems9  (pure  and  alloyed,  metallic  and  insulat¬ 
ing),  very  little  is  known  about  the  magneto-mechanical 
properties  of  small  (mono-  or  even  few-domain)  particles, 
owing  to  the  difficulty  of  measuring  the  small  dimensional 


changes  involved.  A  scanned  probe  with  the  ability  to  both 
spatially  and  temporally  resolve  extremely  small  displace¬ 
ments  would  enable  important  measurements  in  this  regime, 
including  dynamical  studies  of  magnetization  reversal  and 
other  nonequilibrium  phenomena  in  small  magnetic  systems. 
The  time-resolved  scanning  fiber  interferometry  technique 
described  here  was  developed  to  address  some  of  these  is¬ 
sues,  but  should  also  prove  widely  useful  in  characterizing 
micromechanical  phenomena  of  all  kinds. 

The  essence  of  our  approach  is  to  use  a  picosecond- 
pulsed  laser  as  the  optical  source  for  a  fiber  interferometer  of 
the  sort  which  has  recently  been  popularized  in  the  context 
of  scanning  force  microscopy.10  A  schematic  illustration  of 
our  experimental  set  up  is  shown  in  Fig.  1.  The  output  of  a 
cavity-dumped,  mode-locked  dye  laser  (pulse  width  -2  ps) 
operating  at  633  nm  is  fed  into  one  arm  of  a  2  X  2  fiber-optic 
directional  coupler.  The  cleaved  end  of  one  of  the  output 
fibeis  from  the  coupler  is  mounted  on  a  piezo-tube  scanner 
with  quartered  electrodes,  and  moved  to  within  —30  pm  of 
the  reflective  sample  surface  (prepared  here  by  a  mechanical 
polish)  using  a  mechanical  flexure  stage.  Fine  adjustment  of 
the  length  of  the  resulting  Fabry-Perot  interference  cavity  is 
made  by  using  a  dc  voltage  to  control  the  length  of  the  piezo 
tube.  A  small  ac  modulation  is  added  to  this  dc  voltage,  and 
is  used  both  to  calibrate  the  sensitivity  of  the  interferometer 
and  to  provide  a  feedback  signal  with  which  a  constant  fiber- 
sample  separation  is  maintained.  The  sensitivity  of  this  ap¬ 
paratus,  as  limited  by  external  vibrations,  is  —0.1  klyHz. 
The  directional  coupler’s  two  remaining  outputs  are  fed,  us¬ 
ing  index  matching  gel  to  minimize  back  reflections,  to  a  pair 
of  photodiodes,  one  of  which  is  used  to  monitor  the  laser 
pulse  amplitude.  The  signal  from  the  other  photodiode  is 
dominated  by  the  reflected  light  from  the  interference  cavity 
and  shows  a  very  high  degree  of  modulation  (>50%)  as  a 
function  of  cavity  spacing. 

A  small  ferrite  core  electromagnet  allows  us  to  apply 
static  magnetic  field  biases  of  up  to  250  Oe  along  the  axis  of 
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FIG.  1.  Schematic  of  the  time-resolved  fiber  interferometry  apparatus.  The 
inset  in  the  lower  kit  shows  a  detail  of  the  Fabry -Perot  interference  cavity 
formed  between  the  fiber  and  sample. 


the  cylindrical  samples.  The  field  from  this  solenoid  is  used 
to  characterize  the  static  magnetostrictive  response  of  the 
samples  using  fiber  interferometry,  as  shown  in  Fig.  2  for  a 
125  pm  diameter  nickel  rod  undergoing  cyclic  magnetiza¬ 
tion.  Magnetic  field  transients  are  introduced  using  a  simple 
onc-tum  coil  which  produces  field  strengths  on  the  order  of 
20  Oe/A  over  an  effective  length  of  0.5  mm.  A  “free¬ 
standing”  arrangement  allows  the  vertical  position  of  the  coil 
to  be  adjusted  with  respect  to  the  top  of  the  sample.  This  coil 
is  driven  by  a  current  pulser  with  a  minimum  rise  time  of  45 
ps,  and  whose  output  is  chopped  at  an  audio  frequency  to 
allow  heterodyne  detection  of  the  sample  response.  The  in¬ 
dividual  current  pulses  are  triggered  synchronously  with  the 
dye  laser’s  optical  pulses  by  the  electronic  signal  from  the 
laser’s  mode  locker  and  cavity  dumper  (19  kHz).  An  elec¬ 
tronic  delay  unit  between  the  laser  and  the  current  pulser 
allows  the  relative  arrival  time  (at  the  sample)  of  the  mag¬ 
netic  field  pulse  and  the  optical  pulse  to  be  precisely  con¬ 
trolled.  The  complete  time-dependent  response  of  the  sample 
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FIG.  2.  Static  magnetostriction  of  a  12S  pm  diameter  nickel  rod  as  mea¬ 
sured  with  the  apparatus  illustrated  in  Fig.  1,  but  using  a  continuous  reave 
He-Ne  laser  as  tire  light  source.  The  straight  line  gives  the  slope  in  the 
region  where  the  dynamic  measurement!  were  made. 
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FIG.  3.  Dynamic  magnetostriction  of  a  0.5  mm  *  05  mmX2  mm  rod  shaped 
sample  of  Tbu3Dy07Fe,.95  (Terfenoi  D)  excited  by  a  200  ns  wide  5  Oe 
magnetic  field  pulse.  The  sample  was  biased  with  a  100  Oe  static  field. 

is  obtained  by  incrementing  the  electronic  delay  in  a  series  of 
discrete  steps  so  as  to  sweep  the  arrival  time  of  the  optical 
pulse  through  that  of  the  field  pulse.  The  ultimate  time  reso¬ 
lution  of  this  boxcar  method  is  limited  by  a  combination  of 
trigger  jitter  and  optical  pulse  length.  In  our  present  imple¬ 
mentation,  the  resolution  is  jitter  limited  to  ~50  ps,  which  is 
more  than  adequate  for  the  current  experiment,  although  ex¬ 
tension  to  resolutions  of  order  3  ps  would  be 
straightforward." 

Figure  3  illustrates  the  application  of  this  technique  to 
the  measurement  of  the  dynamic  magnetostrictive  response 
of  a  0.5  mm X 0.5  mmX2  mm  rod  shaped  sample  of 
Tbo.3Dyft7Fe1.u5  (Terfenoi  D).  The  magnetic  field  pulse  was 
200  ns  long  with  an  amplitude  of  5  Oe,  while  the  sample  was 
biased  with  a  static  field  of  100  Oe.  The  total  displacement  of 
the  end  of  the  rod  in  this  case  is  0.5  nm.  Because  the  pulse  is 
so  short  compared  to  the  response  time  of  this  relatively 
large  sample,  the  measured  displacement  is  much  less  than 
the  ~  5  nm  we  would  expect  from  the  large  saturation  mag¬ 
netostriction  \s~500  ppm  in  (unstressed)  Terfenoi  D.lz 

Although  the  saturation  magnetostriction  in  nickel 
(X,=  -  40  ppm)  is  much  smaller  than  that  in  Terfenoi  D,  the 
sensitivity  of  this  interferometric  technique  is  sufficient  to 
allow  us  to  characterize  the  response  in  this  case  as  well. 
Figure  4(a)  shows  a  measurement  of  the  dynamic  magneto¬ 
strictive  response  of  the  nickel  sample  characterized  in  Fig.  2 
to  a  430  ns  duration,  46  Oe  amplitude  magnetic  field  pulse 
(indicated  by  the  dotted  line).  The  sample  was  prepared  from 
99.98 %  nickel  wire13  and  was  biased  with  a  26  Oe  static 
field.  The  measurement  was  made  with  the  4  pm  core  of  the 
fiber  over  the  center  of  the  rod  face,  so  the  interferometer 
recorded  the  response  of  that  point  in  the  sample  to  the  time 
dependent  magnetization.  As  can  be  seen  from  the  figure,  as 
soon  as  the  pulsed  field  is  applied,  the  rod  begins  to  magne- 
tostrict  with  a  characteristic  time  of  300  ns.  After  the  field 
pulse  shuts  off,  the  magnetization  begins  to  decay,  and  the 
end  of  the  rod  moves  back  to  its  intitiai  position  with  the 
same  characteristic  time  constant.  The  total  excursion  in  this 
case  is  about  6  A,  from  which  we  determine  the  reversible 
component  of  the  longitudinal  magnetostriction  under  these 
low  field  bias  conditions  to  be  -0.08±0.01  X  10"6/Oe. 
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FIG.  4.  (a)  Magnetostriction  of  a  125  /xm  diameter  Ni  cylinder  (#)  excited 
by  a  430  ns  wide  46  Oe  magnetic  field  pulse  (dotted  line).  The  fitted  re¬ 
sponse  time  (solid  line)  is  limited  by  eddy  current  screening  in  the  wire,  (b) 
Response  of  25  fxm  diameter  cylinder  <•)  to  an  80  ns  duration  30  Oe 
rectangular  field  pulse  (dotted  line).  Solid  line  shows  fit  for  30  ns  time 
constant.  The  vertical  scale  for  the  magnetic  field  pulses  is  arbitrary.  Inset: 
Longer  time  scan  illustrates  acoustic  ringdown  of  a  long  wire  and  reversal  of 
the  response  when  the  direction  of  the  static  bias  field  H0  is  reversed. 


This  is  in  good  agreement  with  the  tit  to  our  static  measure¬ 
ments,  as  indicated  in  Fig.  2.  The  largest  contribution  to  the 
quoted  uncertainty  arises  not  in  measuring  the  displacement 
(since  the  interferometer  is  self-calibrating,  given  the  optical 
wavelength),  but  in  measuring  the  geometry  and  placement 
of  the  pulsed  field  coil  in  order  to  accurately  estimate  the 
field  pulse  amplitude.  Note  that  both  the  static  bias  field  and 
transient  pulsed  field  are  much  smaller  the  the  =*  1  kOe  field 
necessary  to  saturate  the  magnetization  of  the  sample. 

For  large  enough  metallic  samples,  the  response  will  be 
limited  by  eddy  current  damping,  i.e.,  the  rate  at  which  the 
transient  field  can  penetrate  the  sample,  and  will  have  a  time 
constant  r=>/ir<r</J/8  where  d  is  the  rod  diameter,  a  is  its 
conductivity,  and  ft,  is  the  reversible  permeability.  Our  data 
indicate  this  125  /am  diameter  sample  to  be  in  that  limit. 
From  the  measured  r,  d,  and  cr,  we  find  fir=  10,  which  is 
consistent  with  the  results  from  conventional  magnetometry 
measurements. 

Since  the  eddy  current  damping  time  varies  as  the  square 
of  the  sample  diameter,  it  is  straightforward  to  enter  a  regime 
where  the  field  penetrates  quickly  and  the  sample  response  is 
instead  limited  by  the  longitudinal  phonon  velocity,  i.e.,  the 
time  required  for  displacements  to  propagate  along  the 
length  of  the  sample  at  the  speed  of  sound.  Figure  4(b) 
shows  the  response  of  a  25  fun  diameter  nickel  rod  to  an  80 
ns,  30  Oe  field  pulse.  In  this  case,  the  field  completely  pen¬ 
etrates  the  sample  in  about  10  ns.  As  can  be  seen  from  the 
figure,  however,  die  time  constant  for  the  sample  response  is 


FIG.  S.  Comparison  of  tbe  time-dependent  displacement  of  the  edge  <•) 
and  center  (O)  of  12S  fim  rod  face  when  the  duration  of  the  excitation  pulse 
is  short  compared  to  eddy  current  damping  time.  The  vertical  scale  for  the 
magnetic  field  pulse  is  arbitrary. 


a  somewhat  longer  30  ns,  so  that  we  have,  in  this  case,  en¬ 
tered  the  phonon  limited  regime.  For  the  arrangement  of  coil 
and  sample  used  in  this  particular  case  (400  /am  diameter 
coil  centered  100  /am  above  the  top  of  the  sample),  the  field 
falls  by  a  factor  of  2/3  over  the  top  150  /am  of  rod.  If  we  take 
this  length  as  the  "active”  region  of  the  rod,  and  assume  that 
the  magnetostrictive  response  is  limited  by  the  longitudinal 
sound  velocity  in  nickel  (4900  m/s14),  we  find  a  characteris¬ 
tic  time  of  31  ns,  in  good  agreement  with  the  data. 

In  this  regime,  the  sample  is  acting  as  a  lossy  acoustic 
transmission  line,  where  the  loss  has  been  introduced  by 
plotting  the  line  in  epoxy  to  within  50  /am  of  it’s  free  end.  In 
the  absence  of  this  lossy  medium,  however,  it  is  possible  to 
observe  acoustic  resonances  in  the  rod.  The  solid  line  in  the 
inset  to  Fig.  4(b)  shows  the  response  of  a  25  /am  diameter, 
1.5  mm  long  sample  to  a  230  ns,  44  Oe  field  pulse.  As  can  be 
seen  from  the  figure,  the  sample  continues  to  ring  for  several 
microseconds  after  the  pulse  has  shut  off.  The  dotted  line 
shows  the  response  of  the  sample  to  an  identical  pulse,  but 
with  the  direction  of  the  30  Oe  static  bias  field  reversed.  The 
fact  that  the  sign  of  the  displacement  depends  on  whether  the 
transient  field  opposes  or  augments  the  static  field  H„  pro¬ 
vides  confirmation  that  the  observed  signals  arise  from  mag¬ 
netostriction. 

In  fitting  the  response  rime  to  the  data  shown  in  Fig. 
4(a),  we  assumed  that  the  displacement  of  the  125  /um  rod 
could  be  characterized  by  a  single  exponential,  and  that  the 
face  of  the  rod  was  displaced  uniformly.  The  spatial  and 
temporal  resolution  of  our  technique,  however,  is  such  that 
we  can  easily  observe  the  breakdown  of  the  second  of  these 
two  assumptions.  Eddy  current  screening  of  the  magnetic 
field  pulse  causes  a  nonuniform  magnetization  profile  along 
the  sample  radius.  The  nonuniform  stresses  accompanying 
this  magnetization  profile  are  large  enough  that,  despite  the 
large  shear  modulus  of  nickel,  the  outer  edge  of  the  rod  face 
begins  to  displace  before  the  center. 

Figure  5  shows  a  comparison  of  tbe  magnetostrictive 
response  at  the  center  of  die  125  fim  diameter  rod  with  that 
obtained  by  positioning  the  fiber  core  at  the  edge  of  the  rod. 
The  field  pulses  used  in  this  case  were  80  ns  long  and  had  an 
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amplitude  of  92  Oe.  It  is  dear  from  die  figure  that  the  dis¬ 
placement  of  the  edge  does  in  fact  lead  that  of  the  center  over 
the  entire  duration  of  the  held  pulse.  At  a  displacement  of  0.2 
run,  for  example,  the  center  lags  behind  the  edge  by  IS  ns.  It 
is  also  clearly  observed  that  while  the  direction  of  travel  at 
the  edge  immediately  reverses  when  the  field  pulse  is  shut 
off,  the  center  of  the  rod  continues  to  rise  as  magnetization 
deep  in  the  sample  continues  to  diffuse  towards  the  center. 
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The  optical  scanned  probe  technique  demonstrated 
above  offers  very  high  temporal  resolution,  and  a  spatial 
resolution  perpendicular  to  the  sample  surface  sufficient  to 
resolve  magnetostriction  in  samples  on  the  order  of  100  nm 
tall  or  less,  which  has  important  implications  in  the  context 
of  magnetomctiy.  Moreover,  this  ability  to  characterize  and 
control  small,  rapid  physical  displacements  can  be  exploited 
in  such  other  contexts  as  nanomechanics  and  scanning  tun¬ 
neling  microscopy.  In  particular,  we  have  applied  dynamic 
magnetostriction  in  small  systems  to  the  development  of  a 
time-resolved  scanning  tunneling  microscope.  The  combina¬ 
tion  of  the  extraordinarily  high  spatial  resolution  of  tunneling 
microscopy  with  a  comparably  high  time  resolution  would 
provide  a  powerful  tool  for  the  investigation  of  dynamic  phe¬ 
nomena  on  surfaces,  and  thereby  help  to  overcome  one  of  the 
remaining  limitations  of  the  STM. 

The  useful  bandwidth  of  conventional  scanning  tunnel¬ 
ing  devices  is  limited  by  two  major  obstacles:  the  difficulty 
of  measuring  high  frequency  signals  from  the  very  high 
source  impedance  tunnel  junction,  and  the  relatively  slow 
speeds  at  which  the  traditional  piezoelectric  actuators  used  in 
the  STM  are  able  to  move.  The  first  of  these  obstacles  may 
be  overcome  (for  repetitive  signals)  by  performing  a  de¬ 
modulation  at  the  tunnel  junction  itself  in  order  to  bring  a 
fast  signal  into  the  bandwidth  of  the  conventional  electron¬ 
ics.  Transient  phenomena  can  then  be  recorded  through  a 
boxcar  averaging  technique  in  which  the  signal  is  sampled 
during  a  short  interval,  and  that  interval  is  scanned  through 
time.  A  particularly  appealing  approach,  because  of  its  gen¬ 
erality,  would  be  to  modulate  the  tunneling  distance  itself, 
thereby  changing  the  tunneling  impedance  and  "gating”  the 
signal  in  a  straightforward  way.  Such  an  approach  could  be 
used  to  time-resolve  changes  in  topography,  electronic  struc¬ 
ture,  or  any  other  surface  property  accessible  to  the  STM  and 
which  can  be  driven  repetitively  over  the  course  of  a  mea¬ 
surement.  To  achieve  such  a  direct  modulation  of  the  tunnel 
junction,  however,  one  must  also  overcome  the  second  ob¬ 
stacle  posed  by  the  slow  response  of  the  piezoelectric  actua¬ 
tor  which  controls  the  tunneling  distance.  Our  experiments 
on  dynamic  magnetostriction  have  led  us  to  an  approach  in 
which,  through  die  use  of  an  etched  nickel  wire,  the  tip  itself 
acts  as  a  fast  actuator. 

Our  straightforward  experimental  arrangement  is  shown 
schematically  in  Fig.  6.  The  magnetostrictive  tip  is  fitted 
onto  a  conventional  STM  (operating  in  air  at  room  tempera¬ 
ture),  and  is  threaded  through  a  -400/am  diameter,  single- 
torn  coil  of  fine  copper  wire  suspended  just  above  the 
sample,  which  is  an  evaporated  Ah  film  in  the  form  of  a 
trrnamierioo  tine.  The  tip  itself  must  be  made  from  a  mate- 


F1G.  6.  A  schematic  diagram  of  the  time-resolved  STM  apparatus  which 
illustrates  how  the  tip  is  threaded  through  a  local  magnetic  held  coll.  Pulser 
1  delivers  current  pulses  to  the  field  coll,  and  pulser  2  applies  voltage  pulses 
to  the  gold  stripline  sample.  The  resistive  (SO  (1)  terminations  eliminate 
electronic  reflections. 


rial  which  satisfies  two  requirements:  it  must  have  adequate 
dynamic  ’ostrictive  response,  and  it  must  be  amenable 
to  for  a  sharp  tip  for  tunneling.  Unfortunately, 

rare-t  .itch  as  Terfenol  D,  which  are  particularly 

attractive  »’  e  point  of  view  of  this  first  requirement, 
respond  poorly  to  standard  tip-forming  techniques:  they  pref¬ 
erentially  etch  along  grain  boundaries  and  ultimately  disinte¬ 
grate.  Consequently,  we  have  chosen  here  to  work  with 
nickel,  which  is  easily  'died  to  for m  very  sharp  tips,  and 
which,  as  shown  in  our  time  esolveo  lute /'erometry  mea¬ 
surements,  has  sufficient  dynamic  rt:  onse.  T!.  s  v,  rc  was 
formed  into  tunneling  tips  us  ,.g  standard  electrochemical 
methods.13  Roughly  10  nm  of  gold  was  evaprTated  or, to  the 
ends  of  the  freshly  etched  tips  to  prevent  o-ide  toir  .lion. 

The  quantum  mechanical  tunneling  interaction  on  which 
the  STM  is  based  has  a  characteristic  range  (2a)'1,  where 
k=  V2 m  <t>lh  (m  is  the  mass  of  the  electron  and  h  is  Planck’s 
constant).  For  typical  effective  work  functions  <f>,  this  radge 
is  extremely  short,  so  that  reversible  tip  motions  on  the  0.1 
nm  level  are  sufficient  for  useful  tunnel  gap  modulation.  Fig¬ 
ure  7  shows  the  measured  tunnel  current  vs.  tunneling  dis¬ 
tance  characteristic  of  our  gold-coated  nickel/gold  STM 
junction  at  a  constant  bias  voltage  of  SO  mV.  As  the  tip  is 
extended  toward  the  surface,  the  current  increases  exponen¬ 
tially  with  a  characteristic  length  scale  (2*)-1  =  0.145  nm. 


FK3.  7.  Tunaet  current  as  a  function  of  tip  cneaaam  (at  fixed  bias  voltage) 
far  the  Ao-coated  Ni  tip  nuaefittg  iMo  the  Aa  eampfe. 
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FIG.  8.  Measured  time-resolved  tunneling  current  obtained  via  the  tunnel 
durance  modulation  technique  using  large  amplitude  (0.5  nm)  tip  excursions 
to  sample  the  presence  of  a  voltage  pulse  on  the  transmission  line  sample. 
Data  are  shown  for  both  magnetic  field  pulse  orientations,  and  are  compared 
with  a  model  calculation  based  on  the  dais  of  Fig.  7  and  a  measurement 
similar  to  that  shown  in  Fig.  4(b).  Note  that  the  vertical  scale  for  the  lower 
curve  has  been  expanded  by  a  factor  of  5. 

from  which  we  find  an  effective  work  function  <4  =  0.45 
eV. 

At  this  extremely  small  level  of  displacement,  it  is  of 
course  unnecessary  to  accelerate  the  entire  mass  of  the  tip  as 
a  rigid  body  in  order  to  perform  gated  measurements.  Higher 
speeds  can  be  obtained  by  launching  a  longitudinal  acoustic 
pulse  down  the  tip  towards  the  etched  end.  In  the  present 
work  such  a  pulse  is  launched  by  applying  a  fast  rise-time 
magnetic  field  pulse  to  the  nickel  wire  close  to  the  tip — 
exactly  as  in  our  time-resolved  fiber  interferometry  experi¬ 
ments.  These  interferometry  measurements  allow  us  to  quan¬ 
titatively  characterize  the  dynamic  tip  response  which  results 
from  this  excitation. 

We  havb  used  this  technique  to  perform  time-resolved 
tunneling  measurements  in  which  the  moving  tip  is  used  to 
sample  for  the  presence  of  a  high-speed  voltage  pulse  propa¬ 
gating  along  an  Au  transmission  line.  The  time-resolved  cur¬ 
rent  signal  arises  from  the  simultaneous  arrival  at  the  tunnel 
junction  of  the  acoustic  displacement  pulse  on  the  tip  and  the 
voltage  pulse  on  the  sample.  An  example  of  such  a  measure¬ 
ment  is  illustrated  in  Fig.  8  in  which  the  entire  time  depen¬ 
dent  signal  was  constructed  by  varying  the  relative  time  de¬ 
lay  between  an  80  ns,  20  Oe  field  pulse  applied  to  the 
magnetostrictive  tip  and  a  10  ns  duration,  160  mV  amplitude 
voltage  pulse  applied  to  the  sample.  In  practice,  these  pulses 
were  applied  at  a  repetition  rate  of  631.7  kHz,  and  the  result¬ 
ing  signal  was  averaged  with  a  3  s  time  constant.  The  time- 
resolved  tunnel  current  was  discriminated  from  the  substan¬ 
tially  larger  dc  tunnel  current  (which  is  fed  back  to  stabilize 
the  quiescent  position  of  the  tip)  by  a  phase-sensitive  detec¬ 
tion  scheme  analogous  to  optical  chopping. 

A  critical  indication  that  the  time-resolved  current  shown 
in  Fig.  8  arises  from  the  magnetostrictive  behavior  of  the  tip, 
and  which  distinguishes  it  from  such  artifacts  as  thermal  dis¬ 
placements,  is  the  “bipolar”  dependence  of  the  signal  on  the 
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direction  of  propagation  of  the  current  around  the  pulse  coil. 
When  this  current  is  arranged  so  that  the  field  puke  causes 
the  tip  to  move  toward  the  sample,  there  is  a  corresponding 
increase  in  the  tunnel  current.  On  the  other  hand,  when  the 
field  pulse  is  reversed  and  the  tip  pulls  away  from  the 
sample,  there  is  a  small  net  decrease  (below  the  level  of  the 
dc  quiescent  signal  used  for  feedback)  in  the  tunnel  current. 
The  disparity  in  the  amplitude  of  the  time-resolved  current  in 
the  two  cases  arises  from  the  fact  that  the  tip  excursions  (0.5 
nm)  are  large  compared  to  the  ~0.15  nm  characteristic 
length  scale  for  tunneling.  Note  that  the  vertical  scale  for  the 
measurement  in  the  case  where  the  tip  is  pulled  back  has 
been  expanded  by  a  factor  of  five.  As  a  check  that  these 
signals  were  associated  with  tunneling,  we  pulled  the  STM 
tip  back  to  reduce  the  quiescent  dc  tunnel  current  to  a  neg¬ 
ligible  value,  and  observed  that  the  time-resolved  signal  dis¬ 
appeared. 

In  order  for  this  instrument  to  be  genuinely  useful,  it  is 
important  to  characterize  the  time  dependent  response  of  the 
microscope  itself.  By  combining  a  characterization  of  the 
magnetostrictive  behavior  of  the  tip  by  time-resolved  fiber 
interferometry  [essentially  the  same  response  as  illustrated  in 
part  (b)  of  Fig.  4]  with  the  measured  distance  dependence  of 
the  tunnel  current  illustrated  in  Fig.  7,  we  are  able  to  calcu¬ 
late  the  expected  time  dependence  of  the  tunneling  signal. 
This  calculation  is  shown  as  the  solid  and  dotted  lines  super¬ 
imposed  on  the  data  in  Fig.  8.  As  can  be  seen  from  the  figure, 
the  predicted  response  is  in  good  agreement  with  what  is 
actually  observed. 

It  is  worth  noting  that  the  zero  of  time  in  Fig.  8  is  not 
arbitrary,  and  was  chosen  to  correspond  to  the  simultaneous 
arrival  of  the  leading  edges  of  the  voltage  and  current  pulses 
at  the  tunnel  junction.  This  “time-zero”  measurement  was 
made  through  an  alternative  time-resolved  response  in  which 
the  nonlinear  current-voltage  characteristic  of  the  tunnel 
junction  itself  demodulates  the  signal.5  The  measurements 
presented  here,  however  were  taken  under  conditions  in 
which  these  nonlinear  mixing  effects  were  negligible.  Given 
this  determination  of  time-zero,  the  75  ns  temporal  offset 
observed  in  Fig.  8  can  be  seen  to  be  the  consequence  of  the 
propagation  delay  for  the  magnetostrictively  launched  acous¬ 
tic  pulse  to  reach  the  very  end  of  the  tip. 

IV.  CONCLUSION 

In  summary,  we  have  demonstrated  the  feasibility  of 
studying  magnetostriction  in  micrometer-scale  structures  and 
on  fast  time  scales  (such  that  intrinsic  relaxation  times  may 
be  observed).  The  measurements  have  been  accomplished 
using  a  scanning  fiber  interferometer  whir'i  is  characterized 
by  picosecond  time  resolution,  picomete;  displacement  reso¬ 
lution,  and  micrometer  lateral  resolution.  We  have  been  able 
to  observe  a  cross-over,  as  a  function  of  sample  size,  from  a 
regime  in  which  the  magnetostrictive  response  is  limited  by 
eddy  current  damping,  to  one  in  which  it  limited  by  the  lon¬ 
gitudinal  phonon  velocity.  In  smaller  particles  we  expect  to 
observe  a  cross-over  to  a  third  regime  in  which  the  sample 
response  is  limited  not  by  acoustic  processes,  but  by  the 
spin-lattice  relaxation  time.  Our  technique  has  sufficient 
resolution  to  observe  the  spatial  and  temporal  non- 
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uniformities  induced  in  response  to  a  nonunifonn  penetrating 
magnetization.  We  have  used  our  fiber-interferometry  char¬ 
acterization  of  the  dynamic  magnetostriction  in  nickel  to  de¬ 
velop  a  novel  technique  for  obtaining  time  resolution  in 
scanning  tunneling  microscopy.  The  method,  which  is  par¬ 
ticularly  suited  to  the  study  of  phenomena  which  may  be 
repetitively  triggered,  uses  a  magnetostrictive  tip  to  modulate 
the  tunneling  distance  between  the  sample  surface  and  the 
tip.  The  most  appealing  feature  of  this  approach  is  its  gener¬ 
ality:  it  is  independent  of  specific  sample  properties,  and  is 
applicable  to  the  time-resolved  measurement  of  any  informa¬ 
tion  which  can  be  obtained  with  the  STM,  including  surface 
electronic,  magnetic,  and  topographic  effects,  as  well  as  the 
high  speed  characteristics  of  nanometer  scale  devices.  In  the 
present  implementation,  this  technique  has  been  demon¬ 
strated  to  provide  temporal  resolution  in  the  nanosecond  re¬ 
gime,  and  there  is  every  indication  that  it  will  be  straightfor¬ 
ward  to  extend  the  method  to  significantly  higher  speeds. 
The  ability  to  acquire  information  in  the  time  domain  adds 
unprecedented  capabilities  to  the  STM  and  offers  a  genuinely 
interesting  technique  for  scientific  and  technological  applica¬ 
tions  which  require  a  localized  probe  having  high  resolution 
simultaneously  in  all  four  dimensions.  Taken  together,  these 
experiments  not  only  illustrate  particular  methods  for  both 


the  investigation,  and  application,  of  micro-magnetic  phe¬ 
nomena,  but  also  demonstrate  the  more  general  promise  of 
time-resolved  scanning  probe  techniques. 
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Magnetic  resonance  detection  and  imaging  using  force  microscope 
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We  describe  the  principles  and  imaging  characteristics  of  a  new  type  of  high  resolution  magnetic 
resonance  microscopy.  Magnetic  resonance  is  detected  by  measuring  a  small  oscillating  magnetic 
force  acting  between  the  spins  in  a  sample  and  a  nearby  ferromagnetic  particle.  The  oscillating 
magnetic  force  is  generated  by  polarizing  the  spins  in  the  magnetic  field  and  then  modulating  the 
sample  magnetization  using  magnetic  resonance  techniques.  The  oscillating  magnetic  force  is 
detected  by  sensing  the  angstrom-scale  vibration  of  a  micro  mechanical  cantilever  on  which  the 
sample  is  mounted.  High  spatial  resolution  is  achieved  as  a  result  of  the  narrowness  of  the  magnetic 
resonance  spectral  response  and  the  large  magnetic  field  gradient  generated  by  the  ferromagnetic 
particle.  Electron  paramagnetic  resonance  images  are  presented  that  demonstrate  axial  resolution  on 
the  order  of  1  fan  and  lateral  resolution  on  the  order  of  S  fim.  Submicron  resolution  can  be  expected 
with  straightforward  technical  improvements. 


INTRODUCTION 

Magnetic  force  microscopy1  3  was  originally  developed 
to  visualize  the  fields  emanating  from  ferromagnetic 
samples.  The  technique  has  found  numerous  applications,  in¬ 
cluding  the  mapping  of  bit  patterns  on  magnetic  and 
magneto-optical  disks,3-9  observing  domain  walls  in  soft 
magnetic  materials,’’'7  measuring  field  distributions  from  re¬ 
cording  heads,1  and  measuring  the  switching  behavior  of  in¬ 
dividual  submicron  magnetic  particles.8  One  of  the  strengths 
of  magnetic  force  microscopy  is  its  great  versatility.  For  ex¬ 
ample,  magnetic  force  detection  need  not  be  restricted  to  the 
measurement  of  ferromagnetic  phenomena.  In  principle,  the 
technique  is  sensitive  enough  to  detect  much  weaker  mag¬ 
netic  effects,  such  as  those  due  to  electron  or  nuclear  para¬ 
magnetism. 

One  particularly  exciting  possibility  is  the  combination 
of  magnetic  force  detection  with  magnetic  resonance. 
Sidles9’10  recently  made  the  intriguing  proposal  that  force 
detection  of  nuclear  magnetic  resonance  (NMR)  could  be 
made  sufficiently  sensitive  that  signals  bom  individual 
nuclear  magnetic  moments  might  be  detectable.  If  this  could 
be  realized  in  practice,  then  molecules  could  be  imaged  in  a 
chemically  specific  way  with  three-dimensional,  subang¬ 
strom  resolution.  In  the  first  experimental  demonstration  of 
magnetic  force  detection  of  magnetic  resonance,  Rugar 
et  al."  detected  an  oscillating  10-14  N  force  while  exciting 
and  modulating  electron  spin  resonance  (ESR)  in 
micrometer-size  crystallites  of  diphenylpicrylhydrazil 
(DPPH). 

The  adaptation  of  magnetic  resonance  force  detection  for 
the  purposes  of  electron  spin  resonance  imaging  was  de¬ 
scribed  in  a  previous  paper.12  We  will  refer  to  this  technique 
as  “magnetic  resonance  force  microscopy”  (MRFM).  In  the 
present  paper,  we  discuss  in  a  more  complete  manner  the 
imaging  principles  and  experimental  methods.  In  contrast  to 
other  scanning  probe  microscopes,  the  magnetic  resonance 
force  microscope  exhibits  an  unusual  shell-like  spatial  re¬ 
sponse.  In  order  to  form  an  image  that  corresponds  to  the 
spin  density  of  the  sample,  some  type  of  image  reconstruc¬ 
tion  technique  must  be  applied  to  the  measured  data.  High 


spatial  resolution  is  achieved  by  virtue  of  the  narrowness  of 
the  magnetic  resonance  spectral  response  and  the  large  field 
gradient  generated  by  a  ferromagnetic  tip.  Even  though  this 
work  is  still  in  its  early  stages,  the  achieved  1-fim  resolution 
is  already  superior  to  that  previously  achieved  using  the  best 
conventional  ESR  imaging  techniques.1314 


EXPERIMENT 

The  experimental  apparatus  of  the  magnetic  resonance 
force  microscope  is  shown  schematically  in  Fig.  1.  The  para¬ 
magnetic  test  sample  consisted  of  micrometer-size  DPPH 
particles  glued  to  the  end  of  a  micromechanical  silicon  ni¬ 
tride  cantilever.  The  cantilever  was  approximately  200  fit n  in 
length  with  spring  constant  *=0.05  N/m.15  The  electron 
spins  in  the  sample  are  polarized  by  the  magnetic  field  B, 
from  the  tip.  In  addition,  the  tip  also  produces  the  field  gra- 
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FIG.  1.  Mock  diagram  of  die  magnetic  resonance  force  microacope. 
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diem  needed  to  generate  a  measurable  magnetic  force  and  to 
provide  spatial  resolution  for  imaging.  The  magnetic  tip  con¬ 
sisted  of  a  conical  NdFeB  permanent  magnet  magnetized 
along  the  axis  of  the  cone.  The  size  of  the  tip  was  typically  1 
mm  in  length  and  0.5  mm  in  diameter.  The  tip  is  mounted  on 
a  piezoelectric  translator  to  allow  mechanical  scanning  in 
any  of  three  dimensions.  The  electron  spins  in  the  sample  are 
resonantly  excited  by  the  radio  frequency  (800-1610  MHz) 
magnetic  field  B,  which  is  generated  by  a  small  coil  (diam¬ 


eter  0.7  mm,  2.5  turns)  located  about  0.5  mm  from  the 
sample.  A  photograph  of  the  key  elements  of  the  experimen¬ 
tal  apparatus  is  shown  in  Fig.  2. 

Because  the  electron  spin  relaxation  times  at  room  tem¬ 
perature  are  very  short  compared  to  the  time  scale  of  the 
magnetic  force  detection,  the  cantilever  responds  only  to  the 
steady-state  magnetization  of  the  sample.  In  the  presence  of 
the  it  field  B, ,  the  steady  state  longitudinal  magnetization  in 
the  sample  is  given  by16 


J 


Mz~Xo Bi 


_ Xo^.y2  <i2  t*bI _ 

[  1  +  ( yb,- <u)2r2][  1  +  ( y B,+  at)2-!2]  +  ; y2B2lr2(  1  +  < o2t2+  y r2)  ’ 


(1) 


where  y0  is  the  paramagnetic  susceptibility,  B  t  and  in  are  the 
amplitude  and  frequency  of  the  rf  field,  y  is  the  gyromag- 
netic  ratio  (1.76X107  G-1  s_1  for  electrons)  and  t  is  the 
relaxation  time.  At  room  temperature,  the  susceptibility  and 
the  relaxation  time  for  DPPH  are  jy0=4.3xlO  6  (cgs  units) 
and  f=6.2X  10  8  s,  respectively.17'18  The  first  term  in  Eq.  (1) 
reflects  the  standard  relation  for  a  paramagnet  in  an  external 
field.  The  second  term  is  significant  only  in  vicinity  of  the 
resonance  field  B,-B0-tu/y  and  causes  the  magnetization 
M,  to  be  sharply  suppressed  at  B=B0.  By  supplementing 
the  polarizing  field  B,  with  a  modulation  field  Bm  sin  iomt,  a 
time  varying  magnetization  Mz(t)  is  created  that  has  a  sub¬ 
stantial  second  harmonic  component  (2<u „)  due  to  the  non¬ 
linearity  of  MZ(B)  in  vicinity  of  the  resonance  field  B0.  The 
modulation  field  is  generated  by  an  additional  coil  mounted 
concentric  with  the  magnetic  tip. 

In  the  presence  of  the  field  gradient  dBJdz ,  the  z  com¬ 
ponent  of  the  magnetic  force  on  the  sample  is  given  by 

dB, 

F=MZ(B,)~  V, ,  (2) 


FIG.  2.  Photograph  of  the  key  elemeetx  of  the  experimental  apparatus.  The 
labels  denote:  f.  optical  fiber  of  the  interferometer,  c:  rf  coil,  t:  permanent 
magnet  tip,  s:  DPPH  temple  glued  on  the  cantilever. 


where  Vs  denotes  the  sample  volume.  Because  the  force  Fz 
is  linear  in  Mz,  the  second  harmonic  component  of  M,(t) 
induces  a  corresponding  second  harmonic  force  acting  on  the 
cantilever.  For  small  modulation  fields  Bm ,  Eq.  (2)  can  be 
expanded  into  a  Taylor  series  and  the  resulting  amplitude  of 
the  2um  component  of  the  force  per  spin  can  be  written  as 


1  d2Mz 
4  N  dB1 


(3) 


where  N  is  the  number  of  spins  per  unit  volume 
(Ar=2.3xl021  spins/cm3  for  DPPH). 

For  a  cantilever  with  a  resonance  frequency  tnc  (—10 
kHz),  maximum  force  sensitivity  is  achieved  by  choosing 
oi„= o»c/2,  so  that  the  cantilever  vibration  is  excited  at  reso¬ 
nance.  The  vibration  amplitude  is  given  by  A-(Q/k)Fz, 
where  Q  is  the  quality  factor  and  it  is  the  spring  constant. 
The  cantilever  vibration  amplitude  A  was  typically  a  few 
angstroms  and  was  detected  by  a  sensitive  fiber-optic 
interferometer.19  A  high  Q  value  is  desirable  in  order  to 
achieve  good  force  sensitivity.  By  operating  in  vacuum 
(p“10-3  Tore)  so  as  to  eliminate  air  damping,  Q  values  on 
the  order  of  2000  were  obtained. 

A  theoretical  second  harmonic  force  response  f?\B,)  is 
shown  in  Fig.  3(a).  The  force  per  spin  was  calculated  from 
Eqs.  (1)  and  (2)  by  using  the  second  harmonic  component  of 
sin(u>cf/2)]  and  the  typical  experimental  condi¬ 
tions  <u=2irX822  MHz,  B i=>2  G,  Bm= 4  G,  and 
dBJdz  = -0.9  G/fun.  The  force  signal  has  a  sharp  peak  at 
B,=B0  with  a  width  Afl  of  approximately  5  G,  correspond¬ 
ing  to  the  linewidtb  of  the  resonance.  A  measured  force  re¬ 
sponse  curve  for  these  experimental  parameters  is  shown  in 
Fig.  3(b).  The  sample  consisted  of  a  single  DPPH  particle 
with  a  diameter  of  =>20  fan  and  a  thickness  of  =5  fan.  The 
polarizing  field  B,  at  the  sample  was  varied  by  scanning  the 
magnetic  tip  in  z  direction.  The  range  of  the  J?  field  was 
calculated  by  multiplying  the  z  scan  range  with  the  field 
gradient  dB,ldz=-  0.9  G/fan.20 

In  the  presence  of  the  large  field  gradients  dBJdz,  the 
sharply  peaked  force  response  fz\B,)  confines  the  region 
where  fl,=>B0  to  a  thin  layer  of  thickness  lB/\dBJdz\. 
For  a  spatially  extended  sample,  only  those  parts  within  this 
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FIG.  3.  (a)  Calculated  magnetic  resonance  force  response  tf\B,).  The 
curve  shows  the  second  harmonic  amplitude  of  the  force  generated  while 
exciting  and  modulating  electron  spin  resonance  in  DPPH.  The  curve  has 
been  normalized  to  show  root-mean-square  force  per  unpaired  electron  spin. 
Assumed  parameters  arc  HBjdz-- 0.9  Gipzn,  8,-2  G,  Bm=  4  G,  »=2ir 
X822  MHz,  relaxation  times  T--62X10  1  s  and  temperature  T '  300  K. 
Further  details  of  the  calculation  may  be  found  in  Refs,  11  and  16.  (hi 
Measured  second  harmonic  force  response  Ft  using  the  experimental  param¬ 
eters  of  (a).  The  magnetic  held  at  the  sample  was  varied  by  scanning  the 
magnetic  tip  in  z  direction.  The  magnetic  field  range  was  obtained  by  mul¬ 
tiplying  the  z  scan  range  with  the  gradient  dBJdz-  -0.9  G/pza. 


layer  contribute  to  the  force  signal.  Thus  the  sharpness  of  the 
response  peak  directly  transforms  into  a  spatial  resolution 
determined  by  the  linewidth  A B  and  the  spatial  gradients  of 
the  magnetic  field.  This  behavior  allows  spatial  resolution  to 
be  considerably  belter  than  what  one  might  otherwise  expect 
based  on  the  size  and  spacing  of  the  magnetic  tip. 

MAGNETIC  RESONANCE  FORCE  IMAGING 

We  now  consider  the  imaging  characteristics  of  the 
MRFM  for  a  pointlike  sample  as  it  is  scanned  in  the  x-y 
plane  at  a  fixed  distance  z  relative  to  the  tip.  The  pointlike 
sample  will  generate  a  significant  oscillating  magnetic  force 
only  when  it  is  located  in  a  region  where  the  tip  field  is 
approximately  B0  (i.e.,  when  the  spins  of  the  sample  are 
resonantly  excited).  This  condition  is  met  on  a  surface  of 
constant  tip  field  defined  by  B£x,y,z)=Ba.  For  our  tip  ge¬ 
ometry,  the  surface  can  be  approximately  described  by  a  pa¬ 
raboloid  whose  apex  is  located  along  the  axis  of  the  tip  at  a 
distance  from  the  tip  that  we  define  to  be  z0  [see  Fig.  4(a)]. 
The  x-y  scan  plane  will  intersect  the  paraboloid  in  a  circular 
ring  if  the  scan  plane  is  sufficiently  close  to  the  tip  (z*sz0). 

J.  Appt.  Phya.,  vu.  75,  No.  10.  IS  May  1904 


FIG.  4.  (a)  Dashed  lines  show  magnetic  field  lines  emanating  from  magnetic 
tip.  Near  the  axis  of  the  tip,  the  surface  of  coostaot  magnetic  field  strength, 
B,(x,y,z)  =  B0,  has  a  paraboloidal  shape.  In  a  scan  plane  at  fixed  distance  z 
from  the  tip,  the  spins  arc  resonantly  excited  only  when  the  sample  is  lo¬ 
cated  on  the  ringliite  intersection  between  the  plane  and  the  paraboloid  of 
constant  field.  The  ring  diameter  depends  on  the  z  position  of  the  plane,  (b) 
Measured  force  maps  for  a  small  DPPH  particle  with  the  magnetic  tip 
scanned  in  the  x-y  plane  at  three  different  z  spacings:  ro=-200  run, 
4  run  and  z2=z0- 12  pm.  Gray  scale  represents  cantilever  vibra¬ 
tion  amplitude,  with  white  representing  maximum  amplitude.  The  image 
size  is  200X200  run3,  (c)  Measured  force  map  for  the  magnetic  tip  scanned 
in  the  z-z  plane.  The  parabolic  character  of  the  tip  field  is  clearly  evident 
The  image  size  is  200x  50  run3. 


We  thus  expect  the  response  of  the  pointlike  sample  in  the 
x-y  plane  to  have  a  corresponding  ringlike  characteristic. 
The  radius  of  the  intersection  decreases  as  the  scan  plane  is 
moved  away  from  the  tip  until,  at  a  distance  z-zg,  the  in¬ 
tersection  is  only  a  single  point  at  the  apex  of  the  paraboloid. 

The  above  imaging  behavior  has  been  verified  experi¬ 
mentally.  Figure  4(b)  shows  force  maps  measured  by  scan¬ 
ning  the  magnetic  tip  in  the  x-y  plane  relative  to  the  20- /rm 
size  DPPH  sample.  Three  different  tip-sample  distances  were 
used:  z0=»200  /rm,  z1=zg- 4  /rm,  and  z2=z0-12  /rm.  The 
size  of  the  scanned  area  was  200X  200  /un2.  The  force  maps 
show  that  for  distances  z,  and  z2  the  cantilever  response 
signal  is  indeed  confined  to  a  circular  ring,  as  expected.  At 
the  distance  z=z0,  the  ring  collapses  to  a  disk  whose  center 
corresponds  to  the  apex  of  the  paraboloid. 

The  paraboloidal  shape  of  the  constant  field  contours 
B,(x,y,z)=Bg  from  the  magnetic  tip  can  be  directly  imaged 
by  scanning  the  tip  in  a  plane  perpendicular  to  the  x-y  plane. 
Figure  4(c)  shows  a  x-z  scan  with  a  size  of  200X50  /rm2. 

The  force  maps  of  Figs.  4(b)  and  4(c)  can  be  used  to 
quantitatively  characterize  the  shape  of  the  magnetic  field 
from  the  tip.  The  tip  field  can  be  expanded  in  the  vicinity  of 
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the  coordinate  (0,0,zo)  using  the  lowest  order  terms  of  the 
Taylor  series.  Because  the  ring  shaped  responses  in  Fig.  4(b) 
are  almost  circular,  we  assume  rotational  symmetry  about  the 
z  axis  and  the  expansion  in  cylindrical  coordinates  can  be 
written  as 

SB.  1  S1BZ  , 

BJU,r)=B0+—  (z~*o)  +  2'^r  r  '  (•*•) 


DU, 

B,(z,r)  =  r.  (4b) 

The  expansion  coefficients  in  these  equations  can  be  ob¬ 
tained  as  follows:  The  axial  field  gradient  SB  JSz  was  deter¬ 
mined  by  slightly  shifting  the  rf  frequency  by  Sat  and  mea¬ 
suring  the  change  of  the  tip  position  Sz  required  to  maintain 
spin  resonance.  For  the  parameters  used  in  Figs.  4(b)  and 
4(c),  the  axial  gradient  was  SB,/Sz=-1.7  G/fim.  The  radial 
gradient  SBJdr  in  Eq.  (4b)  is  related  to  SBJdz  through 
V  B,=0,  yielding  SB,/ Sr-  -\sBJdz.  Finally,  the  second 
derivative  cpBJdr1  can  be  obtained  from  the  shape  of  the 
paraboloid  of  constant  field  B0  defined  by  the  equation 
\B]  +  B2r  =  B0.  With  the  expansions  (4a)  and  (4b)  for  the 
field  components  Bt  and  B,  in  this  equation,  the  second  de¬ 
rivative  can  be  written  (to  lowest  order)  as 
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where  k  is  the  curvature  (inverse  of  the  radius  of  curvature 
R)  at  the  apex  of  the  paraboloid.  This  parameter  can  be  ob¬ 
tained  from  the  parabolic  shape  of  the  response  in  the  x-z 
plane  of  a  pointlike  sample.  In  Fig.  4(c),  the  curvature  is 
«=-4.6xl0-3  nm  1  and,  with  the  axial  gradient 
SBJSz=- 1.7  G/fjJn,  we  obtain  then  S2B ,/  Sr2  =  - 1  .OX  10~2 
G/yun2.  This  detailed  knowledge  of  the  tip  field  will  prove  to 
be  useful  for  calculating  the  point-response  function  and  the 
spatial  resolution  of  the  microscope. 

To  further  illustrate  die  imaging  characteristics  of  the 
MRFM,  a  more  “complex”  sample  consisting  of  two  2 0-/an 
size  DPPH  particles  separated  by  35  /an  was  investigated. 
An  optical  micrograph  of  the  sample  is  shown  in  Fig.  5(a).  In 
order  to  achieve  better  spatial  resolution  and  higher  sensitiv¬ 
ity,  the  rf  frequency  was  increased  to  1610  MHz,  which  cor¬ 
responds  to  a  spin  resonance  field  of  B0=575  G.  To  achieve 
this  field,  the  separation  between  the  magnetic  tip  and 
sample  was  reduced  to  Zj=*130  /an,  resulting  in  the  in¬ 
creased  field  gradients  SB  ,/Sz=  —4.3  G //an  and 
e^BJ dr2  =  —  2.5  X 10-2  Gl/an2. 

Figure  5(b)  shows  the  force  map  measured  at  the  dis¬ 
tance  z=z0-6  /m.  Two  rings  are  evident,  one  from  each 
particle.  The  distance  between  the  centers  of  the  rings  is 
equal  to  the  lateral  spacing  between  the  particles.  The 
slightly  different  diameter  of  the  rings  arises  from  a  small 
difference  in  the  z  position  of  the  particles.  The  rings  also 
exhibit  different  radial  thicknesses,  indicating  that  the  two 
particles  have  slightly  different  lateral  size. 


FIG.  5.  (*)  Optical  micrograph  showing  two  DPPH  particles  (-20  fim 
wide)  attached  to  a  silicon  nitride  cantilever.  The  distance  between  the  par¬ 
ticle*  is  about  35  tun.  (b)  Magnetic  resonance  force  map  of  the  sample 
measured  at  a  distance  z=z0-6  /im=“124  tun.  The  data  shown  consists  of 
a  128X128  pixel  array  which  was  acquired  during  a  90-mio  scan,  (c)  Re¬ 
constructed  spin  density  image  obtained  by  deconvolving  the  data  in  |b) 
using  Wiener  filtering  technique.  The  two  bright  features  correspond  to  the 
two  DPPH  particles.  The  large  rings  slightly  visible  in  the  image  are  arti¬ 
facts  of  the  deconvolution  procedure. 


IMAGE  RECONSTRUCTION 

To  convert  the  ringlike  force  map  into  a  real-space  rep¬ 
resentation  of  spin  density,  we  have  developed  a  simple  im¬ 
age  reconstruction  procedure  using  inverse  filtering.  The 
technique  is  based  on  the  fact  that  the  measured  force  map  is 
essentially  a  superposition  of  the  force  responses  from  each 
volume  element  of  the  sample.  For  an  extended  sample  de¬ 
scribed  by  the  spin  density  distribution  N(x,y,z),  the  total 
magnetic  force  amplitude  Fz(x,y,z )  for  the  magnetic  tip  lo¬ 
cated  at  (x,y,z)  can  be  expressed  by  the  convolution  integral 

Fz(x,y,z)  =  jjj  N{x',y',z')h(x-x',y-y', 

z—z')dx'  dy'  dz',  (6) 

where  h(x,y,z)  denotes  the  force  response  of  a  pointlike 
sample.  Using  the  detailed  knowledge  of  the  tip  field,  the 
point  response  can  be  calculated  from  Eqs.  (3)  and  (4),  giv¬ 
ing  h(x,y,z)=f?>[B,(x,y,z)].  From  the  measured  force 
Fz(x,y,z).  the  spin  density  N{x,y,z)  can  then  be  recon¬ 
structed  by  using  a  deconvolution  technique. 
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We  demonstrate  the  reconstruction  in  two  dimensions 
using  the  force  map  F,(x,y)  of  Fig.  5(b)  and  the  point- 
response  h(x,y,z)  calculated  for  the  fixed  distance  z  at 
which  the  force  map  was  measured.  For  ease  of  implemen¬ 
tation,  we  use  a  Wiener  filtering  technique.21  The  Fourier 
transform  of  the  reconstructed  spin  density  NK(x,y)  can  be 
calculated  according  to 


JV*= 


hF 

|h|2+C  ’ 


(7) 


where  NK,  F, ,  and  fi  are  the  complex-valued  two- 
dimensional  Fourier  transforms  of  NR,  F„  and  h,  respec¬ 
tively,  and  C  is  a  constant  that  is  adjusted  according  to  the 
signal-to- noise  ratio  of  the  data.'1  The  real  space  recon¬ 
structed  image  NK(x,y)  is  then  found  by  the  inverse  Fourier 
transform  of  NK . 

The  result  of  the  image  reconstruction  is  shown  in  Fig. 
5(c).  TWo  spin  density  maxima  are  obtained  with  a  separa¬ 
tion  of  35  pm,  in  agreement  with  the  separation  of  the  two 
DPPH  particles  in  Fig.  5(a).  Even  the  slight  triangular  shape 
of  the  lower  particle  in  Fig.  5(a)  is  reproduced  in  the  recon¬ 
structed  image.  Although  the  reconstruction  presented  here  is 
confined  to  two  dimensions,  the  extension  to  three  dimen¬ 
sions  is  straightforward  using  a  set  of  force  maps  measured 
at  different  z  positions. 


SPATIAL  RESOLUTION 


The  spatial  resolution  of  the  microscope  can  be  esti¬ 
mated  from  knowledge  of  the  magnetic  resonance  linewidth 
A B  and  the  gradient  of  the  tip  field.  The  resolution  in  the  z 
direction  is  given  by  Az  =  \BI\dBJdz\,  where  the  gradient 
dBJdz  is  calculated  on  the  paraboloid  of  constant  field  B0. 
With  Eqs.  (4a)  and  (4b),  the  gradient  on  the  paraboloid  can 
be  written  as 


dh  _/n  {SBJdz)\z-zQ) 
dz  Bo  \  l+(>)B,/dz)2Bn  +  4B20('fBl/Sr2) 


dBz 

dz 

m 


For  the  parameters  used  in  the  experiment,  the  variation  of 
the  gradient  \dB,/dz\gn  for  different  z  values  is  only  minor. 
For  the  imaging  conditions  of  Fig.  5(b)  for  example 
(|z-z0|=6  /an),  the  gradient  is  reduced  by  only  =2%  from 
the  value  of  4.3  G/pm  at  z = z0 .  Thus  the  spatial  resolution  in 
z  direction  is  almost  constant  on  the  paraboloid  of  constant 
field.  For  Afl=5  G,  the  theoretical  resolution  Az 
=  AB/|<?fl,/<fe|S|)  in  Fig.  5(b)  is  then  1.2  pm. 

Experimental  data  supporting  this  theoretical  estimate  is 
shown  in  Fig.  6.  The  figure  shows  the  force  signal  measured 
as  the  tip  was  scanned  in  the  z  direction.  Two  distinct  reso¬ 
nance  peaks  are  observed,  corresponding  to  the  two  particles 
in  Fig.  5(a).  The  width  of  each  peak  is  approximately  2  pm. 
Since  at  least  1  pm  of  the  observed  width  is  due  to  the 
particle  thickness,  it  is  reasonable  to  conclude  that  the  reso¬ 
lution  in  the  z  direction  is  approximately  1  pm.  We  believe 
that  this  resolution  is  at  least  five  times  better  than  has  been 
achieved  previously  using  conventional  ESR  imaging 


FIG.  6.  Force  meisured  as  the  tip  was  scanned  m  the  z  direction.  The  two 
positive  peaks  marked  by  arrows  correspond  to  the  two  DPPH  parades  in 
Fig.  5.  Spatial  resolution  can  be  estimated  by  the  width  of  the  observed 
features.  Since  the  peaks  are  ^2  pm  wide  and  the  panicles  are  at  least  1  pm 
thick,  the  spatial  fesotuhoc  is  1  pm  or  better. 


techniques. >3'14  Our  higher  resolution  is  a  direct  consequence 
of  the  large  field  gradient  generated  by  the  magnetic  tip. 

For  the  lateral  resolution,  two  regimes  have  to  be  distin¬ 
guished.  In  vicinity  of  the  apex  of  the  paraboloid  (z- z0),  the 
lateral  field  gradient  dBJdr  vanishes  and  the  resolution  is 
determined  by  the  curvature  x  of  the  paraboloid.  In  this  case, 
the  resolution  defined  as  the  halfwidth  of  the  spatial  response 
of  a  point  size  sample  is  given  by  Ax 
=  y4A BI(KdBJdz).  For  the  tip  used  in  this  experiment,  the 
curvature  was  k=  -4.0x  10~3  pm  1  and  the  lateral  resolu¬ 
tion  for  the  linewidth  AB=5  G  would  be  Ax =35  pm.  In  the 
second  regime,  the  sample  intersects  the  paraboloid  away 
from  the  apex  (i.e.,  z<z0)  and  the  resolution  is  determined 
by  the  lateral  field  gradient  dB,ldr.  The  lateral  resolution  is 
then  given  by  Ax  =  txB  !\dB ,!  dr\,  where  dBJdr  is  calculated 
on  the  paraboloid  B,(x,y,z)-B0.  With  Eqs.  (4a)  and  (4b), 
the  lateral  gradient  on  the  paraboloid  is  given  by 


dB,\ 

5 

c 

1 

d1Bz  1  (dBz\Y 

dr 

1*  1 

dr 2  *  4B0  \  dz  ) 

(9) 

The  lateral  gradient  increases  for  smaller  z  (i.e.,  larger  ring 
diameter)  and,  as  a  consequence,  the  lateral  resolution  im¬ 
proves. 

For  the  force  map  of  Fig.  5(b)  measured  at  |z-z„|=6 
fjza,  the  lateral  field  gradient  calculated  from  Eq.  (9)  is 
\dBJdr\B(s  =  0.95  G/pm,  giving  a  lateral  resolution  of  Ax 
=5.3  pm.  The  maximum  achievable  lateral  resolution  can  be 
estimated  by  choosing  z=0  pm,  i.e.,  when  the  tip  is  close  to 
touching  the  sample  during  the  x-y  scan.  For  the  experimen¬ 
tal  parameters  used  in  Fig.  5(b),  the  limiting  lateral  resolu¬ 
tion  would  be  Ax=l  pm. 


SENsmvmf 

The  spin  number  sensitivity  achieved  in  our  experiment 
is  limited  only  by  the  thermal  vibration  noise  of  the  cantile¬ 
ver.  The  in-phase  root-mean-square  (rms)  noise  force  de¬ 
tected  with  the  lock-in  amplifier  is  given  by10-22,23 
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f~=  k°™f-  (io) 

where  ka  is  the  Bolzmann's  constant,  T  is  the  temperature 
and  A/  is  the  band,  idth  of  the  measurement.  For  the  10  Hz 
detection  bandwidth  of  the  lock-in  amplifier,  the  equivalent 
noise  force  for  our  cantilever  was  3xlO~15  N  rms.  For  the 
experimental  conditions  used  in  Fig.  S,  the  signal  contribu¬ 
tion  per  spin  was  approximately  9X10'26  N  rms,  obtained 
from  an  equivalent  calculation  as  in  Fig.  3(a).  Thus  the  num¬ 
ber  of  spins  required  for  unity  signal-to-noise  ratio  is  about 
3X 1010.  We  note,  however,  that  during  the  acquisition  of  the 
force  map,  each  volume  element  in  the  sample  is  measured 
many  times  in  the  process  of  forming  the  final  ring-shaped 
image  pattern.  In  Fig.  5(b),  for  example,  each  volume  ele¬ 
ment  was  sampled  approximately  200  times  (equal  to  the 
number  of  pixels  on  the  circumference  of  the  rings).  Thus  the 
signal-to-noisc  ratio  in  the  reconstructed  image  was  im¬ 
proved  by  V200  since  each  reconstructed  data  point  is  es¬ 
sentially  the  average  of  200  independent  measurements.  The 
sensitivity  achieved  in  Fig.  5(c)  is,  therefore,  about  3 
X  10>°/7200  =  2  X  109  spins,  equivalent  to  a  1  /un3  vol¬ 
ume  of  DPPH.  Comparable  spin  number  sensitivity  has  been 
achieved  at  a  two  order  of  magnitude  higher  polarizing  field 
using  a  special  microwave  cavity  detector.14 

The  force  detection  principle  has  one  important  advan¬ 
tage  over  conventional  detection  techniques,  namely,  the 
force  signal  per  spin  increases  with  higher  spatial  resolution. 
The  reason  for  this  unique  behavior  can  be  seen  from  Eq.  (3): 
The  magnetic  force  per  spin  /*2)  is  proportional  to  the  field 
gradient  dBJdz ,  which  also  determines  the  axial  resolution 
by  Az  =  Thus  Eq.  (3)  implies  /*2|«  Az~‘.  This 

fact  has  an  important  consequence  for  microscopic  applica¬ 
tions:  the  detected  magnetic  force  signal  of  the  MRFM  does 
not  degrade  in  proportion  to  the  cube  of  the  spatial  resolu¬ 
tion,  as  in  conventional  magnetic  resonance  imaging,  but 
only  proportional  to  the  s  re  of  the  lateral  resolution.  This 
fact  will  be  especially  important  in  improving  the  spatial 
resolution  of  the  instrument  by  using  higher  field  gradients. 

OUTLOOK 

In  the  future,  we  expect  that  straightforward  engineering 
improvements  can  dramatically  enhance  the  performance  of 
magnetic  resonance  force  microscopy.  Cantilevers  with  or¬ 
ders  of  magnitude  lower  stiffness  can  be  readily  fabricated 
with  current  micromechanical  technology,24  yielding  signifi¬ 
cant  improvement  in  spin  sensitivity.  Higher  field  gradients 
can  be  generated  easily  using  smaller  magnetic  tips,325  thus 


improving  both  spin  sensitivity  and  spatial  resolution.  Lower 
temperatures  and  higher  polarizing  fields  are  additional  pa¬ 
rameters  that  can  provide  considerable  performance  enhance¬ 
ment.  Although  we  don’t  yet  know  what  resolution  and  sen¬ 
sitivity  can  ultimately  be  achieved,  it  is  clear  that  we  are  still 
far  from  the  theoretical  and  technological  limits  of  this  new 
technique. 
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We  present  an  experimental  study  of  the  thermally  activated  switching  of  the  magnetization  of 
individual  isolated  y-Fej03  particles.  These  particles  are  prolate  ellipsoids  —3000  A  long  and  650 
A  wide.  The  measured  angular  dependence  of  the  switching  field,  Hs(8\,  is  consistent  at  large  angles 
with  a  uniform  rotation,  but  as  $  approaches  zero,  other  modes  of  reversal  appear  possible,  and  most 
likely  the  mode  of  reversal  is  curling.  By  measuring  the  probability  of  reversal  of  the  moment  as  a 
function  of  time  and  applied  magnetic  field  at  T~300  K,  we  found  that  the  switching  was  thermally 
assisted,  but  couldn’t  be  described  by  hopping  over  a  single  energy  barrier.  Our  results  indicate  that 
the  dynamics  of  switching  are  described  by  a  complex  path  in  the  energy  landscape. 


INTRODUCTION 

The  problem  of  how  a  single  domain  ferromagnetic  par¬ 
ticle  reverses  its  magnetization  has  interested  scientists  for 
over  40  years.1  In  addition  to  its  scientific  interest,  a  com¬ 
plete  understanding  of  this  phenomenon  is  now  of  consider¬ 
able  technological  importance,  in  particular,  for  the  magnetic 
recording  industry.  As  recording  densities  increase,  bit  sizes 
decrease  and,  therefore,  the  individual  grains  (ferromagnetic 
particles)  that  form  each  bit  have  to  be  smaller.  The  question 
of  their  thermal  stability  (spontaneous  switching)  is  now 
more  relevant  than  ever  before. 

The  first  theory  explaining  the  mechanism  for  reversal 
was  proposed  by  Neel  in  1949.2  Since  then,  other  theories 
have  emerged,3  but  all  contain  similar  physics.  Namely,  the 
idea  that  in  H= 0,  a  single  domain  particle  has  two  equiva¬ 
lent  ground  states  of  opposite  magnetization  and  separated 
by  an  energy  barrier.  If  a  magnetic  field  H  is  applied,  the 
barrier  decreases  in  height  and.  when  H  is  larger  than  a 
threshold  field  H,  (switching  field),  thermal  fluctuations  are 
sufficient  to  overcome  the  barrier  and  the  magnetization  is 
reversed.  Testing  these  ideas  will  be  the  main  aspect  of  the 
work  presented  here. 


I.  MAGNETIC  FORCE  MICROSCOPY 

This  work  was  made  possible  by  the  development  of 
magnetic  force  microscopy  (MFM),4  an  instrument  that  is 
capable  of  detecting  magnetic  moments  as  low  as  i0_u 
emu,3  the  typical  moment  of  a  single  domain  ferromagnetic 
particle.  This  instrument  has  also  the  spatial  resolution 
to  resolve  such  a  small  particle,  typically,  a  fraction  of  a 
micron  long.  Therefore,  this  instrument  with  an  in  situ  elec¬ 
tromagnet  is  the  ideal  one  for  studying  the  physics  of  switch¬ 
ing  of  the  magnetization  in  the  presence  of  a  magnetic  field.6 
A  schematic  diagram  of  the  MFM  is  presented  in  Fig.  1.  In 
our  setup,  the  sample  holder  rotates  around  the  z  axis  allow¬ 
ing  measurements  as  a  function  of  the  angle  between  the 
magnetization  easy  axis  and  the  direction  of  the  field 


(see  Sec.  II).  It  also  has  a  heater  and  a  temperature  control 
dement  that  allows  for  temperature-dependent  measure¬ 
ments  above  room  temperature  (see  Secs.  Ill  and  IV). 

The  MFM  does  not  measure  the  magnetization,  but  in¬ 
stead  detects  the  magnetic  poles  of  the  sample.4  Thus,  the 
MFM  image  of  a  single  domain  particle  will  correspond  to 
both  a  North  and  a  South  pole.  In  a  scale  of  gray  plot,  they 
appear  as  a  white  and  a  black  dot  respectively.7  In  Fig.  2(a), 
we  present  a  MFM  scan  of  55  single  domain  permalloy 
particles8  following  the  application  of  a  field  H= 650  Oe  in 
the  (- x )  direction  (see  Fig.  I).6  The  position  of  one  particle 
is  highlighted.  If  the  particle  corresponding  to  the  pair  of 
black  and  white  dots  in  the  lower  left  corner  is  labeled  (1,1), 
the  highlighted  particle  is  in  position  (2,4).  Note  that  to  its 
right,  two  particles  are  absent.  That  is  how  we  unequivocally 


MFM  Sample  Holder 


FIG.  1.  Schematic  diagram  of  the  magnetic  force  microscope  with  an  in  situ 
electromagnet. 
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FIG.  2.  (a)  A  12  by  12  jam  MFM  scan  of  SS  single  domain  permalloy 
particles  following  the  application  of  a  field  H-- 650  Oe.  The  particle  in 
position  (2,4)  is  highlighted,  (b)  MFM  scan  of  the  same  55  particles  as  in  (a) 
after  applying  a  field  H=+425  Oe.  Sec  teat  for  discussion. 

determine  when  a  pair  of  dots  correspond  to  the  magnetic 
poles  of  a  given  particle.  Note  also  that  the  South  pole  of  all 
the  particles  is  on  their  left-hand  side.  This  means  that  the 
magnetic  moment  of  all  the  particles  points  in  the  same  di¬ 
rection. 

In  Fig.  2(b),  we  present  a  MFM  scan  of  the  same  55 
particles  after  applying  a  field  //= 425  Oe  in  the  (+x)  direc¬ 
tion.  Note  that  some  particles  have  their  South  pole  on  the 
left  and  others  on  the  right.  Therefore,  a  field  H= 650  Oe  is 
sufficient  to  polarize  all  the  moments  in  the  same  direction, 
but  a  field  H =425  Oe  is  not.  This  is  an  example  of  how  the 
MFM  can  be  used  to  measure  the  switching  field  H,  of  a 
given  particle.  We  will  use  this  capability  of  the  instrument 
in  the  next  two  sections 

II.  MODE  OF  REVERSAL  OF  THE  MAGNETIZATION 

In  this  section,  we  present  a  study  of  the  mode  of  rever¬ 
sal  of  the  magnetization  of  a  single  isolated  particle  of 
y-FeyOj.  The  particle  is  very  close  to  a  prolate  ellipsoid 
3000  A  long  and  650  A  wide  (see  Fig.  3).  A  y-FeiO,  particle 
having  these  dimensions  is  in  a  single  domain  state  and  the 
magnetization  is  along  its  long  axis.  The  particles  were  made 
by  Ozaki  et  a l.  using  a  technique  described  in  Ref.  9.  We 
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FIG.  3.  Transmission  electron  micrograph  of  the  y-FcjO)  panicle  whose 
study  is  presented  in  this  paper.  Note  that  it  is  very  dose  to  a  prolate 
ellipsoid  3000  A  long  and  650  A  wide.  The  white  dots  correspond  to  voids 
in  the  volume. 

separated  them  using  the  procedure  of  Sailing  era/.10  and 
deposited  them  on  a  transmission  electron  microscope 
(TEM)  grid.  We  used  a  TEM  ro  fully  characterize  the  shape 
of  the  particle  as  well  as  to  position  it  in  the  grid.  We  then 
mounted  the  TEM  grid  with  the  particle  attached  to  it  (the 
particle  “sits”  on  the  plane  of  the  grid)  to  a  MFM  sample 
holder.  The  holder  is  such  that  it  can  rotate  around  an  axis  (z 
axis)  perpendicular  to  the  plane  of  the  TEM  grid,  refereed  to 
as  the  {*,y}  plane  (see  Fig.  1).  By  rotating  the  holder,  we 
effectively  change  the  angle  6  between  the  anisotropy  axis  of 
the  particle  and  the  direction  of  the  applied  magnetic  field 
which  is  always  along  the  x  direction. 

In  this  experiment,  we  used  the  MFM  to  determine  the 
angular  dependence  of  the  switching  field  Hs(S)  of  the  par¬ 
ticle  shown  in  Fig.  3.  By  drawing  a  line  through  the  two 
poles  of  the  particle,  we  established  the  angle  between  the 
anisotropy  axis  of  the  particle  and  the  direction  of  the  mag¬ 
netic  field  (see  Fig.  4).  The  error  in  0  is  ±2°,  a  relatively 
large  one  due  to  the  relatively  big  size  of  the  magnetic  poles 
compared  to  their  separation.  The  experiments  were  done  at 
room  temperature,  T—23  °C. 

In  order  to  determine  Hs(9),  we  used  the  following  ex¬ 
perimental  procedure.  Once  the  particle  was  unequivocally 
located  in  the  grid,  we  moved  the  magnetic  sensing  tip  (an 
electrochemically  etched  nickel  wire)  12.5  /um  away  from 
the  sample,  so  that  the  stray  magnetic  field  it  generates  at  the 
particle  location  is  negligible  (less  than  1(T5  Oe).  We  then 
applied  a  field  of  1.5  kOe  in  the  negatives  direction  (see  Fig. 
4).  followed  by  a  test  field  H  applied  for  a  time  (=1  s  in  the 
positive  x  direction.  The  tip  was  then  approached  to  the 
sample  and  a  scan  was  made  to  determine  whether  the  mag¬ 
netization  of  the  particle  had  reversed  its  direction  or  not. 
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FIG.  4.  Schematic  representation  of  the  angle  between  the  magnetization 
easy  axis  and  the  direction  of  the  applied  field. 


This  was  determined  by  establishing  whether  the  magnetic 
poles  of  the  particle  had  traded  places  or  not.  If  the  moment 
had  not  reversed,  the  applied  test  field  H  was  raised  by  8  Oe 
and  the  previous  procedure  was  repeated  (without  applying 
the  negative  1.5  kOe)  until  the  strength  of  H  was  enough  to 
reverse  the  direction  of  magnetization.  The  switching  field 
was  taken  to  be  the  mean  value  of  the  minimum  field  that 
would  reverse  the  moment  and  the  largest  field  that  would 
not.  The  experiment  was  done  only  once  per  angle  8  (the 
statistics  of  switching  will  be  described  later). 

The  experimental  results  of  HJff)  for  the  particle  shown 
in  Fig.  3  are  presented  in  Fig.  5.  Our  electromagnet  is  ca¬ 
pable  of  applying  fields  up  to  1634  Oe.  When  0-90°,  we 
could  not  reverse  the  moment  of  the  particle,  so 
//j(fh-90”)>1634  Oe.  The  solid  line  corresponds  to  the  pre¬ 
diction  by  the  Stoner-Wohlfart  model  of  uniform  rotation" 
for  a  particle  having  the  same  shape  as  ours  and  a  saturation 
magnetization  M,  =350  emu/cm3,  a  typical  value  of  Ms  for 
y-Fe^Oj.  The  experimental  data  shows  excellent  agreement 
with  the  uniform  rotation  prediction  except  perhaps  around 
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FIG.  5.  Angular  dependence  of  the  switching  field  H,(f)  of  the  y-FejOj 
pertide  shown  in  Rg.  3.  The  solid  curve  represents  H,(9i  predicted  by 
Stoner-Wohlfart  with  the  parameters  given  in  the  text. 


9-0°,  a  particularly  difficult  angle  to  obtain  because  excel¬ 
lent  alignment  is  necessary'2  since  the  slope  of  Hs  versus  8  is 
very  steep.  Work  in  that  regard  is  in  progress.13  This  work 
confirms  that  at  large  angles,  the  switching  occurs  via  uni¬ 
form  rotation  of  the  magnetization,  but  as  8  approaches  0°, 
the  reversal  may  occut  via  curling."  Other  recent  theories 
also  indicate  that  as  8  tends  to  0°,  for  the  particular  size  of 
this  particle,  modes  of  reversal  other  than  coherent  rotation 
are  very  likely.13  Besides  the  particle  shown  in  Fig.  3,  we  did 
an  identical  study  for  another  particle  of  the  same  batch  and 
same  dimension.  Its  Hs(0)  shows  the  same  qualitative  fea¬ 
tures,  namely  a  minimum  around  $—45°  and  a  maximum  at 
8=0  and  90°  but  HJ8)  is  not  symmetrical  around  tf— 45°, 
and  it  only  fits  well  the  prediction  of  Stoner-Wohlfart  in  an 
angle  interval  around  45°.16  This  indicates  that  the  exact 
morphology  of  an  individual  particle  may  play  a  crucial  role 
in  the  reversal  process. 

III.  DYNAMICS  OF  THE  REVERSAL  PROCESS 

Time-dependent  effects  have  long  been  known  to  exist  in 
a  collection  of  single  domain  ferromagnetic  particles.'  The 
dynamics  have  been  attributed  to  thermal  activation,217 
which  predicts  that  the  probability  P(t)  of  the  magnetization 
of  the  particle  not  to  switch  spontaneously  due  to  thermal 
excitations  decays  exponentially  with  time, 

P(t)  =  e~"T  (1) 

with  a  characteristic  time 

T=r0eA/*«r.  (2) 

In  Eq.  (2),  kB  is  Boltzmann  constant,  T  is  the  absolute  tem¬ 
perature,  r0  is  a  microscopic  spin  flipping  time  typically 
taken  to  be  To=10~'0-10~’ s,2,17  although  it  may  strongly 
change  with  field  H,ih  and  A  is  the  height  of  the  energy 
barrier  associated  with  the  switching  process.  A  is  in  particu¬ 
lar  a  function  of  the  characteristics  of  the  particle  (dimen¬ 
sions,  anisotropy  constants,  etc.)  and  the  externa)  applied 
field  H.  In  this  study,  we  have  changed  H  so  as  to  reduce  the 
height  of  A  and  make  t  in  Eq.  (2)  to  fall  in  our  experimen¬ 
tally  available  time  frame,  0.1«t*sl00  s. 

Exponential  time  dependence  has  never  been  observed 
in  collections  of  ferromagnetic  particles.'  Instead,  the  time 
dependence  of,  say,  the  magnetization  (magnetic  viscosity) 
follows  a  logarithmic  decay  over  typically  2  decades  in 
time.'  This  nonexponential  behavior  has  been  linked  to  the 
distribution  of  t  due  to  the  distribution  of  particle  sizes  and 
shapes.  Having  a  single  isolated  particle,  we  can  now  deter¬ 
mine  whether  Eq.  (1)  is  valid.  In  order  to  establish  this  ex¬ 
perimentally,  we  carried  out  the  following  protocol  at  con¬ 
stant  temperature  T=(30.0±0.05)  °C: 

(1)  Move  the  tip  away  from  the  sample  and  apply  1.5 
kOe  in  the  negative  x  direction  for  0.5  s  so  as  to  insure  that 
the  magnetization  points  in  the  direction  of  that  large  field. 
One  second  later  a  test  field  H  is  applied  in  the  positive  x 
direction  for  an  amount  of  time  r.  The  tip  is  then  brought 
close  to  the  sample  and  a  scan  is  made  to  determine  if  the 
moment  has  NOT  switched. 

(2)  The  above  procedure  is  repeated  N  times  so  as  to 
collect  statistics. 
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FIG.  6.  Probability  that  the  magnetization  direction  of  the  y-Fe203  particle 
of  Fig.  3  does  nor  switch  when  a  field  H  is  applied  for  a  time  r.  The  field 
makes  an  angle  ^ — 45“  with  respect  to  the  long  axis  of  the  particle.  Four 
fields  H= 890.7,  894.3,  897.9,  and  901.5  Oe  show  finite  P(t)  in  the  experi¬ 
mental  time  window  O.ls/elOO  s.  The  measurements  were  made  at 
r=(30.0±.05)  °C  The  solid  lines  are  guides  to  the  eye  for  the  four  fields 
considered.  The  dashed  lines  correspond  to  /(r)=e_"T  where  the  r  are 
chosen  to  best  fit  the  data.  See  text  for  a  lull  discussion. 


(3)  The  test  field  H  is  changed  and  the  above  two  steps 
are  repeated. 

(4)  The  temperature  T  is  changed  and  the  above  three 
steps  are  repeated. 

In  this  experiment  the  angle  between  the  field  and  the 
long  axis  of  the  panicle  is  0=45°.  This  angle  was  chosen 
because  Hs  is  weakly  angle  dependent  around  9=45°,  and 
because  the  mode  of  reversal  may  be  coherent  rotation"  (see 
Sec.  II).  The  probability  for  the  particle  NOT  to  switch  when 
a  field  H  is  applied  for  a  time  t,  is  defined  to  be  the 

number  of  times  the  particle  did  not  switch  divided  by  N. 
The  number  N  in  step  2  varied  from  25  to  36  when 
was  around  50%  to  N — 100  when  P(t,H )  was  close  to  0  or 
100%.  The  results  for  P(t)  taken  at  four  different  fields 
H =890.7,  894.3,  897.9,  and  901.5  Oe,  are  shown  in  Fig.  6. 
They  are  plotted  in  semilog  form  where  the  time  axis  is  the 
logarithmic  one.  Our  results  indicate  the  following: 

(or)  In  the  intermediate  region,  20«/’(f)=s80%,  the 
variation  is  linear  i.e.  logarithmic  in  time.  In  a  previous 
report,16  we  show  that  as  P(t)  approaches  0  and  100%,  there 
is  deviation  from  logarithmic  behavior. 

03)  The  slope  of  the  decay  is  constant  as  a  function  of 
magnetic  field  H.  It  has  already  been  observed  that,  when 
0~V,  the  slope  increases  with  increasing  field.  A  similar 
result  was  obtained  with  a  collection  of  particles  were  the 
magnetic  viscosity  is  largest  at  coercivity, 

(y)  The  magnetic  field  plays  a  very  strong  role  in  the 
dynamics.  When  the  field  is  changed  from  890.7  to  901.5  Oe, 
the  time  rthat  corresponds  to  P(t=  r}0%)=50%  varies  from 
r~18  to  0.32  s,  respectively.  Thus  a  ~10.8-Oe  change  in 
applied  field,  that  is  a  1.2%  change  in  H,  causes  the  charac¬ 
teristic  tone  for  switching  to  change  by  —5600%! 

In  order  to  check  whether  Eq.  (1)  is  verified  by  our  data, 
we  draw  in  Fig,  6  a  series  of  solid  straight  lines  which  should 
be  considered  as  a  guide  to  the  eye.  We  superimpose  in  bro¬ 


ken  tines  a  best  choice  of  e  "r  by  adjusting  r.  We  remark 
that  a  good  fit  is  not  possible.  Moreover,  we  note  that: 

for  Kt,  PU)>e  "’,  (3a) 

for  r*>r,  P(t)<e-"r.  (3b) 

As  indicated  previously,  nonexponential  time  depen¬ 
dences  are  observed  in  a  collection  of  ferromagnetic  par¬ 

ticles.  The  time  dependence  of,  say  the  magnetization  M(t), 
has  been  described  by 

M(f)°t[V(T)e-"rdT,  (4) 

Jo 

where  P'( t)  is  the  normalized  distribution  of  characteristic 
times  r  associated  with  the  distribution  of  particles.  Eq.  (4) 
simply  represents  the  time  dependence  of  the  magnetization 
of  particles  relaxing  independently  due  thermal  activation.  If 
the  distribution  P'(r)  is  a  continuous  function  of  r  which  has 
a  mean  r=  r0,  then  (see  appendix) 

for  r«*T0,  A#(r)<e*'/T°,  (5a) 

for  t>T0,  Af(r)>e"'/T°.  (5b) 

This  result  is  just  tRe  opposite  of  Eq.  (3)  which  indicates 
that  our  data,  not  only  cannot  be  represented  by  a  simple 
exponential  of  the  type  e~"T  but,  fiirthermore,  cannot  be 
described  by  the  integral  form  JoP'(T)e~,,rdT.  The  impli¬ 
cation  of  this  result  is  that  for  an  ellipsoidal  single  domain 
particle  of  y-Fe20,  with  some  surface  roughness  and  voids 
in  the  volume  (see  Fig.  3),  the  reversal  of  the  magnetization 
is  governed  by  a  complex  energy  landscape  and  not  by  the 
naive  picture  of  thermally  hopping  over  a  single  energy 
barrier.2-'7  In  that  complex  energy  landscape,  we  envision  the 
existence  of  many  intermediate  states  such  that  the  paths  in 
configuration  space  to  go  from  the  initial  to  the  final  state  are 
not  independent  of  one  another.  Those  intermediate  states 
may  be  the  consequence  of  many  nudeation  sites  either  on 
the  surface  or  close  to  the  voids  present  in  the  volume,  but 
the  true  origin  of  the  complexity  of  the  dynamics  is  not  clear 
at  the  present  moment. 

IV.  TEMPERATURE  DEPENDENT  EFFECTS 

In  Section  III,  we  show  that  the  dynamics  of  the  reversal 
process  are  not  well  described  by  a  simple  exponential  e~',T. 
Therefore,  from  the  data  we  cannot  extract  a  true  character¬ 
istic  time  r.  Therefore,  we  cannot  test  the  validity  of  Eq.  (2). 
Nevertheless,  that  equation  should  give  a  good  idea  of  bow 
the  dynamics  should  slow  down  or  speed  up  as  the  tempera¬ 
ture  is  decreased  or  increased,  respectively.  So  for  example, 
if  the  characteristic  time  r=l  s  in  that  equation  (that  is  a 
typical  value  in  our  experimentally  accessible  time  interval), 
then  Eq.  (2)  indicates  that  the  height  of  the  barrier  is 
&~23kgT.  Therefore,  if  a  temperature  change  of  10  K  at 
300  K  is  made,  one  expects  the  characteristic  time  for  rever¬ 
sal  to  vary  from  r=l  s  to  r=0.46  s.  That  is  a  change  of 
approximately  a  factor  of  2. 

We  tested  this  prediction  by  repeating  the  experiment  of 
Sec.  Ill  at  these  two  other  temperatures,  40.0°  and  50.0  °C. 
The  results  are  presented  in  Figs.  7  and  8,  respectively.  At 
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FIG.  7.  Probability  of  the  magnetization  not  switching  when  a  field  H  is 
applied  for  a  time  f  (same  as  Fig.  6)  at  a  temperature  r=(40.0±.0S)  *C.  The 
horizontal  scale  is  the  same  as  in  Fig.  6  so  as  to  better  appreciate  the  effect 
of  changing  the  temperature. 

this  two  higher  temperatures,  the  results  of  Sec.  Ill  are  still 
valid.  But  the  main  result  is  that  temperature  variation  of 
rso,,  the  time  such  that  P(l-  t30%)=50%,  is  much  stronger 
than  suggested  by  Eq.  (2).  For  example,  when  W =890.7  Oe, 

r5O%(T=30.0  °C)~18.5  s, 

T5o*(r=40.0  °C)~2.3  s, 

tWT^SO.O  °C)~0.3  s. 

That  corresponds  to  a  change  of  a  factor  of  ~8  with  a  \T 
=10.0  °C.  This  is  four  times  more  than  what  was  suggested 
above.  This  is  a  further  indication  that  the  dynamics,  al¬ 
though  clearly  thermally  activated,  are  complex  and  not  de¬ 
scribed  by  hopping  over  a  single  energy  barrier. 

V.  CONCLUSION 

The  work  presented  here  describes  the  reversal  mecha¬ 
nism  of  an  individual,  isolated,  single  domain  particle  having 
an  ellipsoidal  shape.  Its  magnetic  moment  lies  along  the  long 
axis  of  the  prolate  ellipsoid.  Experimentally,  it  is  an  ideal 
candidate  to  determine  whether  the  reversal  of  the  magneti¬ 
zation  occurs  by  thermally  hopping  over  a  single  energy  bar¬ 
rier,  and  whether  that  barrier  corresponds  to  the  one  pre¬ 
dicted  by  the  Stoner- Wohlfart  model  (uniform  relation)11  for 
reversal.  This  is  important  because  those  two  ideas  have  been 
widely  used  in  the  past  40  years3  to  explain  what  is  observed 
experimentally  in  a  collection  of  particles.  Further  more,  re¬ 
cently,  those  same  ideas  appear  to  be  the  starting  point  for 
analyzing  the  relaxation  of  very  small  magnetic  particles  at 
very  low  temperatures  to  try  to  establish  the  validity  of  mac¬ 
roscopic  quantum  tunneling  (MOT)  and  macroscopic  quan¬ 
tum  coherence  (MQC)  in  magnetic  systems.31 

Our  results  indicate  that  the  switching  of  the  magnetiza¬ 
tion  of  a  single  particle  is  not  as  simple  as  suggested  above. 
In  particular,  the  dynamics  appear  to  be  quite  complex  and, 
certainly,  not  described  by  thermal  activation  over  a  single 
energy  barrier.  Instead,  a  complex  path  in  configuration 
space  to  go  from  the  initial  to  the  final  state  is  most  likely 


FIG.  8.  Same  pkn  as  in  Figs.  6  and  7  but  at  7  ~  (500  -  05)  “C  Only 
H~ 890.7  and  894.3  were  considered.  For  /f-897.9  and  9015  Oe.  the 
switching  was  to  fast  (faster  than  0.1  s)  for  us  to  detect. 

although  the  reason  for  this  complexity  is  not  clear  at  the 
present  time.  Although  these  experiments  were  performed  at 
room  temperature,  we  believe  that  as  low  temperatures  are 
approached  and  MQT/MQC  phenomena  may  take  place,  it  is 
important  to  remember  when  designing  an  experiment  that 
may  look  for  MQT/MQC  that  the  switching  of  the  magneti¬ 
zation  may  not  be  described  by  tunneling  through  a  single 
barrier. 
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APPENDIX 

Let  MU)  =  !oP'(T)e-,,T  dT=foP'(T)f,(T)  dr,  with 
f,(r)  =  e~'lr,  and  P'(t)  is  the  distribution  of  rwith  mean  t0. 


fV(T)<*T=l, 

Jo 

(Al) 

r* 

P'{T)rdr=  tq=(t). 

Jo 

(A2) 

irefore. 

(f,(r))=M(t) 

I 

(A3) 

I 

/,«  r»=e-"o. 

(A4) 

If  /,(ri  is  a  concave  function  of  r([//,(i)/^r]> 0}  for  any  r 
where  P(r)* 0,  then  (/,(t))>/,(( t)).  If  /,(ri  is  a  convex 
function  of  for  any  r  where  P(ij*0,  then 
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Since  /f(ri  is  concave  for  r<f/2  and  it  is  convex  for 
r>r/2,  then  if  the  distribution  P{r)  has  a  width  small  com¬ 
pared  to  t , 


for  t*r o. 

U(t)<e"T« 

(A5) 

for  f*>T0, 

(A6> 

which  corresponds  to  Eq.  (5a)  and  (5b)  in  the  text. 
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Balkntine.  C  A. -(10)  6427.  6429 
Baikni.  R. -<10)6277 
Battcryec.  Subir  K.-(10)  5925 
Bao.  Xiaohua-I 10)  5870 
Barandiaran,  J.  M.-(10)6952 
Barariu.  Finita-(IO)  6949 
Barbara.  B.-OO)  5634,  6513 
Barbara.  Bernard-!  10)  5642 
Barlett  Darryl-1 10) 6174 
Barnard.  J.  A.-I10)  6930.  6934.  7067 
Barn  as.  Jozef-110)  6693 
Barrom,  Stacy-(IO)  5578 
Barnie.  R.-(10)6946 
Bartbelemy.  A.-<10)6412,  6623 
Baryshev.  V.-(IO)  6543 
Bass,  /.-|!0)66W 
Basso.  V.-(lO)  5677 
Bauer.  Gcrrit  E.  W.-(IO)  6704 
Baumberg.JJ.-<10)  6199 
Bayteuther.  G.-(IO)  6849 
Beach.  R.  S.-UO)  6933 
Beacom.  T.-(IO)  6723 
Beauchamp.  K.  M.-(10)6343 
Bcdrosian.  G.-(IO)  6027 
Beers.  K.  L.-(I0)5940 
Bellamy.  B.-OO)  6623 
Be  Iks  is,  George  H.-I10)  6884 
Bellouard,  C.-(IO)  5900 
Be  I  mans,  Romue-(IO)  6048.  6050 
Belt,  Roger  F.-<10!  6363 
Ben-Dor,  L-IIO)  6720 
Bennett.  L  H.-<10)5493 
Bennett.  W.  R.-(10)6144 
Berger.  A.-(IO) 5598 
Bergqvist,  A--(IO)  5484.  5496 
Bcrfcowta,  A.  E-<10)  5562.  5639, 

6097.  6613.  6622,  6912,  6933 
Berry.  S.  D.-<IO)6124.  6688.  6691. 
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Bertott,  Franco-110)  6990 
Bertotti.  G.-I10)  5490.  5677 
Bertram.  H.  Neal-flO)  5765.  6385. 

6779 

Beyer,  Adalbert-! 10)  6049 
Bfcat,  Sushma-(IO)  7185 
Bbuaban,  Bharat-! 10)  5741.  5771, 

6156 

Bi,  Y.  J.-(I0)5850 

Bun.  X.-<10)  6534,  6554,  6560,  7064 

Bie.  Q.  S. -(10)  6190 

BUk.  D.-OO)  7073 

Bowk,  C. -(10)  5856 

&bcfc.T.D.-<10)  6081 

Btanca  J.  M.-(IO)  6315 


Bland.  J  A  C.-OOJ5586.  6458.  6501. 
6508.  6528 

Bkvenoec,  Gdks  Le-I)0)5647 
Blumenfeld,  L  A.-I10)7183 
Bloacson,  Chene  R.-(10)5538 
Blythe.  H.  J  -00)6100 
Boardman.  A.  D. -00)5630,  5631, 
6804.  6804 

Boatner.  LA-00)  7030 
Bochi.  G. -(10)  6430 
Bodeker,  P.-(I0)6492 
Bndker.  F. -00)6583 
Boer.  F  R.  de-00)6522 
Bojpjmotov.  S.  S.-M0)6430 
Bojanrzuk.  Nest  or -( 10)  6871 
Booth.  J.  G.-l  10)  5630 
Booth.  K.  M.-OO)  5630 
Borchers.  J.  A.-tlO)  6477,  6498.  6592, 
6691,  6692 

Bornfreund  R.  E.-I10)  5740 
Bona.  F -00)  7146 
Boitz.  E.-(IO)  5882 
Bounds.  C.  O.-OO)  6628 
Bourskr.  D.-l  10)  6577.  6682 
Bouterfas,  N.-<10)6476 
Bowden.  G.  J.-OO)  7120.  7122 
Bowen.  Arkn-(  10)  5750 
Boyk.  J.-OO)  5630 
Braga.  M.  E.-I10)6551 
Bramwell.  S.  T.-OO)  5523.  5955 
Brand aky.  Kostadin-OO)  6050 
Brard,  Uabelk-110)  5647 
Brataas.  Ante-!  10)  6704 
Bray,  Ashky-110)  5578 
Brewer.  M.-OO)  6741 
Brewer.  E.  G.-O 0)6637 
Brdhl.  K.-00)  6184.  6492 
Brooks.  M.  S.  S.-(I0)6298,  6301 
Broussard,  P-  R.-00)  5595.  6679 
Brown.  L  M.-OO)  6501 
Brown,  P.  1.-00)6816 
Browning.  V. -(10)6610 
Brubaker.  W.  W.-OO)  5529,  5940 
Bnk*.  E.-(IO)  6522 
Bninctt.  B.-OO)  5879 
Brunsman,  E.  M.-OO)  5882 
Bniynseraede,  Y.-110)  7079 
Bun.  J.-OO)  6344 
Buchhoiz,  B.-OO)  7012 
Buchner,  B. -00)  6741 
Buckky,  M.  E.-OO)  6508 
Boe,  M.  Lo-(IO) 5677 
Burke.  E.  R.-(10)  5756,  5759.  5910, 
6891 

Buikhardt.  G.  L-(10)  S673 
Buacbow.  K.  H.  J.-OO) 5994.  6247, 
7117 


Cable,  J.  W.-OO)  6601 
Cabral,  Cyril.  Jr. -(10)  6909 
Cadien.  F.  J.-OO)  6006,  6009,  6286. 
6640 

Cadogn.  J.  M.-I10)  7114.  7120.  7122 
Callaby,  D.  Roy-00)  6843 
Callaway,  J.-OO)  7024,  7041 


Cacnblung.  Horaciu  E.-l  10)  690b. 
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Cammarano.  R.-00>  5481 

Canoed  P  Y.-OO)  5673 

Cao.  G. -00)  6328.  6595 

Cao,  Lei -001 6250.  6253.  6256.  6259. 

7111 

C^tthan.  T  W-OO)  7018 
Caibuctcchio.  Massimo- < 101  5870 
Cardoso.  L  P  - 1 10)  6003 
Carey.  M  J  -1 10)  6933 
Carey.  R  -<10)6789.  7081.  7087 
Cash.  Andrew-4 10)  6066 
Castro.  J  -00)6100 
Calcs.  James  C.-l  10)  6754 
Cava.  R.  J.-OO)  6603 
Cavalkn.  A -1 10)  5634 
Cedcll.  T  -( 10)  5656 
Cclinski.  Z.-OO)  5583.  6187.  6473 
Cclotta.  R  J.-l  10)  6437.  6452 
Cetdonio.  M.-l  10)  5634.  69% 
Chaiken.  A.-(  10)  5808.  7073 
Chandartapaty.  S.-l  10)  5940 
Chang.  C.  R.-00)5794 
Chang.  Ching-Rav-1 10)  5487.  5499. 

5505.  5897 

Chang.  Chung-Hce-(  It))  6864 
Chang.  J  W.-OO)  5923 
Chang.  Thomas-1 10)  5553 
Chang.  W.  C.-l  10)  6244 
Channel!,  R  W.-OO)  5574 
Chao.  B.  L  - 00)  5667 
Chappert,  C.-l  10)5807 
Charap.  Stanky  H.-l  10)  5768 
Chardarlapaty.  S.-l  10)  5529 
Charles.  S.  W-(l«)65«3 
Chamere.  F.-I10)6623 
Chatcl.  P  F  de-l  10)  6522 
Chattopadhyay.  T.-llO) 6072.  6816 
Che.  Xiaodong-!  10)  6779 
Cheeks,  T.  L.-<10)6665 
Chen,  Baoxmg-00)6174 
Chen.  C.  J.-OO)  5897.  6112 
Chen.  C.  T. -1 10)  5808.  58)0.  6378 
Chen.  Christina  H.-(  10)  6760 
Chen.  F.  R.-HO)  5888 
Chen.  Guan-mian-i  10)  6293 
Chen.  H. -00)  7041 
Chen.  J.-OO)  6828 
Chen.  J  P -110)  5876 
Cben.'L  H.-OO)  6915.  7052 
ChcB,  M.-llO) 5628.  5629 
Chen.  Ming-1 10)  6084 
Chen.  S  C.-OO)  5577 
Chen,  Shoan  Chung-1 10)  5797 
Chen.  X.-(IO)  5997,  6012 
Chen,  Z.  J.-OO)  5922.  6975 
Cheney.  S.-OO)  6828 
Cheng.  Song-110)  5578 
Cheng.  Yuaada-1 10)  6138.  6894 
Cbeong.  B.  K.-I10)  7093 
Cheong.S.-W. -00)6723 
Cheong.  S-W.-00)6819 
Cherenkov,  Valery  A.-O0)  6746 
Cherepnaov,  V.  B.-O0)  5610 
Chenukova.  Ana  K.-(IO)  6066 
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Chma,C  L-(I0)5 800 

Chic*.  C-L— (101  6489 

ClildreM,  J  R— < 10)  64)2,  6623,  7Q6I 

Cilia,  Ttaag  Shuar -(10)  5888 

Cta*.  W.  Y— (10)  6834,  7034 

Chiriac,  Horia-UO)  6949 

Choi,  Hyoaag  J.-UOJ  5579 

Choi,  J.  0  -00)5783 

Choi,  S.  D— (10)  6274.  6655 

Choi,  Y  S.-<10)  6937 

Chov,  T— UO)  6379 

Chow.  Y  M.-(IO)  5779 

Chriaey,  D  B-UO)  5595.  6622 

Chu.  F— (  10)  6397 

Chaaa«.  D  S.-UO)  6427 

Chuang.  Y.  C— (10)  7H7 

Chabukov,  Audrey  V.-(IO)  6345 

Cinbi*.  C.-UO)  6763 

Cingoaki.  Vteko-UO)  6042 

Ciaqiua*.  C  C.-OO) 5529 

Ctsacrux.  P— (10)6397 

Clark.  A.  E-(10>  3656 

Clarke,  Roy-(10>6174 

Clemens.  Bruce  M.-(J0)5644 

Cochran.  I.  £-<10)6181.  6187,  6473 

Cochrane,  R. -<10)6546 

Cochrane,  R.  W.-<10)  6534,  6554. 

6560,  7064 

Cockcroft,  J  K— UO)  7050 
Coehoorn,  R. -<10)6659 
Coey.  J.  M.  D-(10)  6235,  6921 
Coffey,  G.  A  -<10)  5940 
Coffey.  K.  R.-(IO)  5960.  6382.  7058 
Cobencm.  C.  H.-(10)6720 
Cole#,  P  C.-(IO)  6987 
CoUocott,  S.  J-(IO)  7114 
Cohicci.  C.  C.-<!0)  6003 
Conover,  M.  J.-UO)  6461,  7080 
Contincntino.  M  A-(10)  6734 
CoMineitza,  Alessamha-UO)  7027 
Cooper.  Bernard  R.-(IO)  7035 
Coedone.  S.  S.-(10)5610 
Correia,  Vfcnessa  M.-<10)  5838 
Coiti.  M.-UO)  7143,  7146 
Coal*.  U.  M.  S. -00)5811 
Corum.  M.  G.-UO)  5823.  6443 
Coverdaie.  G.  N. -<10)5574 
Cowed.  J.  A— (10)  6489 
Cot,  T.  J.-UO)  5562 
Creaaoai.  J.  C.-UO)  5820.  5841 
Octtwdl.  A-<10)66»9 
Crook.  Elizabeth  M.-(IO)  5565 
Croofcer,  B.  C.-UO)  5731 
Croaa.  R.  W.-<  10)6400 
Crow,  J.  E-UO)  6328,  6595,  6748. 
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CinxoU.  Aleaundro-UO)  5814 
Cullen,  Jane#  R. -<10)6475 
Cunha,  S.  £-<10)6766 


Daboo,  C.-UO)  5586.  6458,  6528 
Dagotto,  QMo-()0)  6340 
DaMberg.  E  D»-<10)5475.  5776. 

6567,  7073 

Dahnea.  Kana- (10)  5946 
Dukt,  D.-(tO)  6921 
Dm.  B.  N.-UO)  6924 
Das,  BadrMIO)  6622 
da$ttva.B.L-<10>6563 
da  Silva.  F.  C.  S.-(IO)  5616 
Dntim.  M.-(IO)  5TO7 
Device,  K. -<10)6583 
Davit,  R.  L— UO)  7114 
Dawaoa.  A-  UR--<10)  6837 
de  Aguiar,  £  M-UO)  5613, 5616 


Defoug.  S. -<10)5707 
DeGraef.  M-UO)  5882 
de  Kaaa.  S. -<10)5508 
de  Jesus.  J.  C.  0.-110)  5520.  5862 
de  Joage.  W  J  M  -UO)  5728.  6440. 

6709 

Della  Tone,  E-U0)61Q6 

Delta  There,  Edward-1 10)  5689.  5692. 

5710.  6770 

del  Moral.  A-UO)  5662,  7158 

del  Moral.  M.  Ciria,  A-UO)  5850 

dea  Breeder,  F.  J.  A-UO)  6424 

Deng.  MtngCheag-UO)  5888 

de  Oliveira.  N.  A-UO)  6296 

de  Sousa.  J.  Rkaido-l  10)  5835 

De  VUle.  £-110)6092 

deVries.  J.  J.-UO)  6440 

Dewar.  0.-110)5919 

DeWtenk,  RobrechM  10)  6050 

Deymier,  P.  A.-U0)  5571 

DiBari.  R.  C.-UO)  6124 

Dieter  Storzer.  Ham- DO)  6049 

Diggs,  B.-(IO)  5879 

Ding.  Juren-U 0)6150 

Diagtey.  D. -110)6782 

Dtnia.  A.-<10)  6548 

Dionne.  Gerald  £-(10)6372 

Di  Pietro.  C.-UO)  6039 

Disanayake.  A-UO)  5734 

Djurberg.  C.-UO)  5541 

Dodge.  J  S.-UO)  6872 

Doi,  T.-UO)  5907 

Domamki,  Z--U0)  5847 

Dombrowski.  R.-<10)6054 

Dormer.  W.-UO)  6421 

Donnamt,  J.  L-(10)5900 

Doaaajh.  P.-UO)  6334 

dos  Santos,  R.  J.  V.-UO)  5820 

do*  Samoa.  Roberto  J.  V.-UO)  5838 

Dob.  S.  X. -<10)7120 

Doyle.  W.  D-UO)  5547.  5550.  5577. 

6446 

Driouch,  L-U0)6309 
Drocker,  J.  S-UO)  5589,  5592 
Dnimhelkr.  John  E-UO)  5952.  6081 
Dube,  D.  C.-UO)  6744 
Dufoor.  C.-UO)  6477 
Duijn.V.  H.  M.-(IO)  7117 
Dumesai).  £-(10)6477 
Dunham,  D.-UO)6890 
Dunifer.  G.  L— <10)6190 
Dunlop,  J.  B.-U0)  7114 
Durand,  O.-UO)  6412,  7061 
Durin.  G.-UO)  5490 
Duvail,  J.  L— <10)6412,  7070 


Eaatham,  J.  F.-UO)  6987 
Echer.  C.-UO)  6900 
Eckert.  D.-(10)6018 
Eddweo*.  A.  S.-(10)  6610 
Edwank.  O.-UO)  5873 
Eggcafcamp.  P.  J.  T.-UO)  5728 
Eiudatz,  M-UO)  6915 
Elam,  W.  T.-UO)  5801,  6610 
Bey,  D.  E  P-UO)  5586 
Hike.  Jolm-UO)  5578 
Eftmabgy,  N.  M.-<!0)6039 
EBrioa,  A.  /.  G.-(!0)  6825 
EJstaer.  N.-<10)  5943 
Enenoa,  £-<IO)  S952 
EagdaM,  G.-UO)  $484.  5496 
Eagel,  B.  N.-<10)  6496 
Bagel,  Brad  N.-<10)  6401 
Eppkr,  W.  £-00)  7093 
Epateia,  A.  J.-UO)  5782 
Erata,  Ibmoki-OO)  5903 
Erdoa,  P.-UO)  3847 
Eremenko,  V.-UO)  6744,  6805 


de  Afcaipmtaa.  Doogtaa  P-UO)  5832 
de  Boar,  F.  £-<10)6247. 7117 
DeFotfc.  G.  C-<10)  5529,  5940 


Ericksaa.  £  £-110)6163 
Ervia.  A.  M -1)0)  6610 
Erwia.  R.  W -<10)6477,  6592.  6691. 
6692 

Escobar.  M.  A. -<10)6946 
Eacorac,  M.-UO)  6103 
Evaas.  B.  J.-UO)  5538.  6643 
Everett,  R.  £-<10)6610 
Everitt,  B.  A. -<10)6592 


Fagan.  A. -U0)  6921 

FahJaader.  M.-(IO)  5656 

Falco.  C.  M  -(10)  6498 

Fako.  Charles  M  -(10)  6401 

Faa,  Hong-(  10)  5578 

Fade,  M  -UO)  5601.5604 

Fade.  Michad-UO)  5644 

Farrell,  G.  P.-UO)  6997 

Farrow,  R.  F  C.-OO)  6900 

Fauth.  £-<10)6334 

Favonki,  I.  A-UO)  5823 

Fawcett,  E-UO)  6321 

Fedoaeev.  B  -(10)  6743 

Fejer.  M.  M.-<  10)6872 

Felder,  R.  J.-(l0)6124.  6603 

Fernandez- Baca.  J.  A.-UQ)  6060,  6603 

Feraaado.  A.  S.-U0)  6303 

Fert,  A.-<  10)  6412,  6623,  7070 

Fed.  AJbed-UO)  6693 

FeutriU.  E  H. -(10)  5701 

Filippi,  J.-UO)  6513 

Filoti.  G.-UO)  6586.  6813 

Fitch.  Roaakf-<  10)  5544 

Fischer.  P.-(IO)  6331,  6337,  6743 

Fishman.  R.  S.-UO)  6290 

Ftak.  Z.-U0)  6723.  68t9 

FmipaJdi.  I.  P-UO)  5829.  5832.  5835 

Flanders.  P  J.-<10)  5547 

Flanden,  Philip  J.-UO)  5931 

Fleming,  R.  M.-<10)6124,  7052 

Flynn.  C.  P.-UO)  6592 

Folks.  L-(IO)  6271.  6634 

Fomin.  V.-UO)  6744 

Foedado.  A.-<  10)  6723.  6819 

Foas.  S-(IO)  6892 

Foes.  Sberyl-UO)  5776 

Fraga.  E-UO)  6952 

Frattiai,  Paul  L-UO)  5579 

Fredkia,  D.  R.-(10)  6217 

Freeland.  J.  W.-UO)  6464 

Freeman.  A.  J.-(IO)  5802,  6409 

Freemaa.  M.  R.-(  1 0)6194,  6205 

Freitas,  P  P-UO)  6449,  6480,  6551 

Friedberg.  S.  A.-U0)5529 

Friedman,  G. -(10)  5683 

From.  M.-(IO)  6181,  6187 

Frochatt,  D.-(IO)  5988,  6577 

Frochart,  £-<10)6577 

Fu,  L.  P.-<10)  5714,  5725 

Fn,  Y  W.-(IO)  7152 

Feet*.  C.  D. -(10)6015,  6625.  6637 

Fttjii,  H.-(IO)  6522 

Fojimoto,  T.-(IO)  6528 

Fujfww*.  H.-UO)  7067 

Fujiwara,  Hideo-UO)  6446 

Ft^nrara,  Y.-(IO)  641S.  7102 

FoBertoa,  Eric  E-<10)  6169.  6461. 
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Furrer,  A.-U0)  6331,  6334.  6337,  6743 
Foroya.  T.-UO)  6658 
Fntaaolo.  M.-(IO)  6126 


Oago-Saadoval  P.  A.-U0)  6789 
Galaxn,  Serge-(lO)  5526 
Oahkr,  P-UO)  6412 
Gama,  S.-<10)  6003 
GamacM,  M. -<10)6069 


Gambian.  £  J.-llO)  6909 
Gambmo.  Richard  J.-UO)  6871 
Gaadra,  F.  G  -<10)7125 
Gaagaly.  B  -<10)5873 
Gao.  Y  H.-UO)  6238 
Garaaia.  D. -<10)5958 
Garda.  N. -<10)6580 
Garcis-Ofza,  U-UO)  5662 
Garcta-Orza.  L-<10)  7158 
Gardner.  Richard  A  -<  10)  6138 
GarifeUia,l  A. -<10)6492 
Gmsheli*.  L  J.-UO)  $670 
Gautier.  £-(10)6467 
Gavrin,  A. -(10)6489 
Gcbel.  B  -UO)  6018 
Geens,  W.-UO)  6360 
Gebriag.  P  M  -UO)  5959 
Genoa,  A  -UO)  6036 
Geoova,  D.  J -<10)6858 
George.  J.-M.-OO)  7061 
Georges.  RoUnd-(lO)  5647 
GermundWk,  V.  S.-UO)  6092 
Gen,  A. -110)  6024,  6033 
Gemer.  M  -UO)  3586,  6458.  6501 
Giesbere.  J.  B  -UO)  6709 
Gijs,  M  A  M  -UO)  6709 
Gillespie,  D.  J.-UO)  6610 
Giagias,  M.  J.  P-UO)  5523 
Gift,  Ei.-UO)  5997 
Grvord,  D.-tlO)  6682 
Glebovs,  Irina  N.-(IO)  7182 
Glijcr,  Pawel-UO)  6141.  6150 
Godart,  C.-UO)  7155 
Goldman,  A  l.-<10)6366 
Goldman.  A.  M.-(IO)  6343.  6344 
GoHiev.  A.  V.-UO)  6742,  6747 
Gomes.  A.  A--U0)  6296.  7125 
Gomez,  R.  D.-UO)  5756.  5759.  5910, 
6891 

Gomez  Polo,  C.-UO)  5791 
Germ.  M.-< 10)  6804 
Gong.  Wci-UO)  6649 
Gonzalez.  A.  C.-UO)  7137 
Gonzalez,  J.-UO)  6313 
Goriitz.  D.-UO)  6054 
Gorobets.  Yu.  I.-(10)6092 
Govindaraju,  M.  R.-U0)  6981 
Graaaio.  Enzo-UO)  6960 
Grandjean,  £-<10)5994 
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Applied  Physics  Letters,  a  companion  publication  to  the  Journal  of  Applied  Physics,  is  published  weekly  by  the  American 
Institute  of  Physics.  Its  letters  are  timely,  short  reports  devoted  to  important  new  findings  in  applied  physics.  The 
contents  list  below  is  from  a  recent  issue. 
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